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INTRODUCTION
Human endeavour to search for new energy resources 
to replace the existing ones, such as coal and oil, 
has led to the thought of obtaining useful energy from 
the controlled fusion reactions. The production of 
energy by thermonuclear fusion, was recognised as far 
back as 1930's, by the astrophysicists, who attributed 
the energy production in sun and stars, to these reactions 
(for example see Atkinson and Houtermans , 1929) .
However, it was not until after World War II that a 
serious consideration was given to the possibility of 
obtaining power from controlled thermonuclear fusion 
reactors on earth.
Before any such reactors can be constructed, one 
has to do a vast amount of research into the behaviour 
and properties of totally ionized gases or plasmas at 
very high temperatures. First of all such plasmas 
have to be produced, heated and confined so as to 
enable thermonuclear reaction to take place. The major 
difficulty lies in the confinement of plasma well and 
truly insulated from its chamber walls. For this one 
needs some kind of force field between the walls and 
the plasma, exerting pressure on the plasma which is 
best achieved by means of an electromagnetic field.
Experiments are being carried out in many countries 
around the world, investigating better methods for 
heating and confinement of plasmas in a magnetic field. 
These experiments fall mainly into two categories, those 
using open and those using closed systems for containment.
2Open systems have the topology of a straight tube 
and closed systems that of a doughnut.
The open-ended or the mirror machines consist 
of a long cylindrical vacuum chamber in which the 
plasma is confined by means of a longitudinal magnetic 
field produced by a solenoidal coil surrounding it.
The particle loss at the ends of the tube is prevented 
by means of "plugging" the ends, using magnetic-mirror 
principle, i.e., creating regions of locally intensified 
magnetic fields which serve the purpose of repeatedly 
reflecting trapped particles between the ends into the 
centre region.
The closed systems have an advantage over the 
open ones in the sense that there are no end losses 
of particles, although such systems are not rid of 
instabilities. The most important machines of these 
closed confinement systems could be divided mainly 
into two types - axially symmetric and non-axially 
s ymme tric.
Typical of the non-axially symmetric toroidal 
systems is the stellarator, in which the concept of 
rotational transform is used. This is introduced by 
means of external helical multipole windings. The 
effect of rotational transform is to nullify the 
currents produced due to charge separations.
The most important of the axially symmetric 
devices are the Zeta, the Tokamaks and the LT (Liley 
Torus at A.N.U.) , based on the concept of pinch effect 
first proposed by Bennett (1934). The basic principle
3of pinch effect is that the pinching or constriction 
of the high current gas discharge is done by its own 
magnetic field.
The LT machine is basically a Tokamak, with the
instability cycle being similar to that observed in
the Tokamak's so called unstable mode. The design
and operation have been described by Goldberg and
Liley (1968) and Liley, Smith and Vance (1968) .
Detailed experimental measurements with this machine
(referred to as LT1 in the thesis) have also been
described (Bowers et al ., 1971). Here only an outline
of some of its features will be given. The toroidal
vacuum vessel has a major radius R = 4 0  cm and minorJ o
radius r = 1 0  cm. A 1/2" thick Cu shell encloses the w
vacuum vessel and a toroidal magnetic field, B is
<P
obtained by means of a toroidal coil wound over the Cu 
shell. A distributed primary winding lies over the 
toroidal coil and an iron core couples the primary 
circuit to the gas secondary. Both the toroidal and 
the primary coils are joined in series and connected 
via an ignition to a 1840 yF condenser bank. The 
hydrogen plasma is heated by the gas current, I , 
which produces a seif-magnetic field, B^ . Under normal 
operating conditions (condition A in the paper by 
Bowers et a1.) the discharge goes through repeated 
instability cycles of period -400 ys. Each cycle 
consists of oscillatory, contraction and expansion
phases. For diagnostic purposes a number of probe 
ports are provided, these being 4" long inconel tubes 
of inner and outer diameters 1/4" and 3/8" respectively.
The outer ends of these metal tubes are avilable to 
the experimenter with their inner ends being welded to 
the vacuum vessel. The vertical and horizontal probe 
ports used for diagnostics are 90° apart in the 4> 
direction. The distance between centres of adjacent 
ports is 2.5 c m .
The LT3 machine differs from LT1 in that the LTl 
bank (1840yF) is used in series with an inductance
equivalent to that of B winding, to energise primary<P
of LT3. A second condenser bank of 5000yl? is used
to energise B of LT3. This arrangement allows<P
independent variation of I and B^ .
In LT3 , coils were added to enable a magnetic 
field, B ^ , to be applied perpendicular to the torus 
minor axis. The coils energised from the bias supply 
provide B^ parallel to or perpendicular to the torus 
major axis. These coils can also be used in different 
combinations to provide Bj^  at various angles to the 
diametral plane of the torus. Four turns of these 
coils produced B^ fields of 0.14 G per Amp. from bias 
supply.
The material presented in the three parts of this 
thesis is divided as follows. The first part deals 
with different types of radiation emitted from a plasma 
and the electron transitions involved. Chapter 2 of 
this part deals with different equilibrium cases in 
which a plasma can exist. The second and third parts 
are concerned with the diagnostics of the LT plasma.
While the second part deals with the measurements with
filterscopes and the results obtained from these 
measurements, the third and last part is concerned
with the investigation of e1ectron-runaway in LTl.
PART I
RADIATION FROM PLASMAS
CHAPTER 1
ELECTRON TRANSITIONS
1.1. Introduction
Many naturally occurring and laboratory plasmas 
emit radiation into one wavelength region or the other 
of the electromagnetic spectrum. In this discussion 
the radiation is considered to be originating from 
atomic rather than molecular processes, occurring in 
a plasma whose temperature and degree of ionization 
are in general high.
Before making any qualitative or quantitative 
studies of the electromagnetic radiation emitted from 
a plasma, it is well to consider what types of radiation 
are emitted, the electronic transitions involved and the 
different types of equilibriums in which the plasma 
exists. The present chapter gives a brief account of 
these radiation processes and the conditions for 
different types of equilibrium relations to exist are 
dealt with in the next chapter.
An atom (throughout the present discussion 'atom' 
is used to include atoms and ions) immersed in a plasma 
will emit radiation when radiative transitions between 
various quantum states occur. The radiation thus emitted 
is the direct result of three different types of electron 
transitions, bound-bound, free-bound and free-free.
1.2. Bound-bound transitions
Bound-bound processes involve transitions of an 
electron from one bound level to another. Consider 
the simple energy level diagram in Fig. 1.1. The 
excitation transitions occur through inelastic collisions
Ground S tate
Schematic representation of Electron Transitions 
in Beryllium like ions of charge (Z -4 )
m
 m
7between free electrons and bound electrons of an atom 
and the energy gained by the bound electron excites the 
bound electron from the ground state into an excited 
state. For this process to take place the kinetic 
energy of the free electron should be greater than 
the energy calculated from the term difference for the 
transition of the electron from the ground state into 
the excited state. The excitation of the bound electron 
of the atom can also take place through photoexcitation 
whereby the electron absorbing energy from the incident 
photon moves from the ground state into an excited state. 
For a plasma of the type considered here these photo­
excitation transitions are unimportant. The atom thus 
excited remains in its excited state for a certain time 
known as its mean life in that state and returns to its 
ground state by a single transition or by a number of 
transitions depending on the level to which it is excited 
and the selection rules which apply. These de-excitation 
transitions are accompanied by the emission of radiation 
known as line radiation leading to line spectra. 
Considering Fig. 1.1, the frequency of radiation v  ^
emitted, when a transition from a bound level of principal 
quantum number i and energy E_^  to another bound level j 
and Energy E. occurs, is given by
hv ij Ei - Ej
where h is the Planck's Constant.
In order to classify the transitions (see for 
example Edlen 1964) that are responsible for the emitted 
radiation, it is necessary to know the quantum numbers
8L, S and J of both the states responsible for the
transition. Many of the transitions occurring in atoms
(up to a fair degree of ionization) of interest in
laboratory plasmas, have been given in Moore's tables
(1949-58) on Atomic Energy Levels and also in the
American National Bureau of Standards publication edited
by Wiese et al . (1966) . However, there is still a
lack of information about transitions involving the
highly ionized atoms. This is most unfortunate, since
these types of transitions are encountered quite often
in high temperature gas discharges, in the laboratory
In fact, various authors in the past few years have
tobeen working £crr obtaining, information about the transitions 
in highly stripped ions using high temperature 
discharges. (See, for example, Fawcett et a l . 1961,
Bockasten et a l . 1963, House and Sawyer 1964, Peacock
1969) .
Considering Fig. 1.1, the total power radiated 
in the line per unit volume per unit solid angle and per 
unit frequency, due to transition from level i to level
j is given by 
hv
ij
ij
4 IT Aij n i
where A^ is the transition probability per unit time 
that the atom in state i emits a photon hv , and n^ is 
the population density of atoms in state i. From the 
above equation one can see that the estimation of 
population densities of atoms n in the upper level of
(1.1
any transition through the measurements of total power
9radiated in the line, requires the knowledge of the 
probability of that particular transition.
The transition probability is often written in
terms of the absorption oscillator strength, such that
13 9
ij
6.67 x 10
A ' 9i f j i
s ec 1
where f  ^ and A are the absorption oscillator strength 
and wavelength of the transition and g_^  and g. are the 
statistical weights of the upper and lower levels 
respectively. Here A is expressed in nanometers. The 
statistical weight g is defined as the number of distinct 
states in a specified collection. The statistical weight 
of a level is given by (2J+1) and that of a term by 
(2S +1)x (2L+1) , where S and L are the spin and orbital 
quantum numbers and J is the total angular momentum 
quantum number. The absorption oscillator strength 
(f^) is defined as the ratio of the absorptive power 
for that characteristic frequency to the total absorptive 
power of the electron. The emission oscillator strength 
is defined by
ij
Experimental measurements of oscillator strength 
(or transition probability) by emission measurements 
require the knowledge of both the upper state population 
density and the total power emitted (Eq.(l.l)), which 
means the use of light source whose properties are 
accurately known. This is not easy since such a source 
must be a plasma in local thermodyna'mic equilibrium.
Then only can one estimate the population densities
10
of the quantum states accurately, as they are independent 
of the detailed rate coefficients (Ref. Chapter 2) . In 
the case of neutral and singly ionized species one can 
use arcs and shock tubes as sources, but it is very 
difficult to obtain highly ionized species in local 
thermodynamic equilibrium. A detailed review of oscillator 
strength measurements has been given by Foster (1964) 
and of measurements and calculations by Nicholls and 
Stewart (1962) . Tabulated values of oscillator strengths 
and transition probabilities of transitions in most atoms 
and ions of interest have been given in the National 
Bureau of Standards publication edited by Wiese et al. 
(1966) .
Often it is necessary to resort to theoretical 
calculations, where these values are not available. From 
quantum mechanical treatment one can relate the quantities
A and f to another quantity known as
as
AiD =
2.02 x 1015 S
and
fji =
30.4
g . X  D
Here S is expressed in atomic units
s ec
i2 e 2 ) , wh ere a o o
is the radius of the first Bohr orbit and e is the electron 
charge. The calculation of A or f , thus involves the 
evaluation of the line strength S, which is done quantum 
mechanically (Condon and Shortley 1935) . Condon and 
Shortley define the line strength as the sum over all 
states of both the levels, as
Sii = E I <d- I ex I I 2D ij
11
where x is the atomic co-ordinate, such that <i|ex|j> 
is the dipole matrix element between levels |i> and |j>.
In calculating the line strengths, the electronic 
wave functions (|i> and |j>) are written in terms of sums 
of products of one-electron wave functions which are 
themselves products of angular and radial parts. The 
line strength can now be written as (Rohrlich 1959)
S = s ( L ) s ( M ) 0 2
where s (L ) is the relative line strength and s (M ) is the
relative multiplet strength. is the square of the
radial matrix element given by
2/ R^R^rdr
4 1 - 1
where lis the greater of the orbital quantum numbers 
involved in the transition and R^/r and R^/r are the 
initial and final radial wavefunctions of the active 
electron normalized in atomic units. The value of s (L) 
can be obtained from the papers either of White and 
Eliasen (1933) or of Russell (1936) and s (M) can be 
obtained from two sets of tables published by Goldberg 
(1935 , 1936) . These values s (L ) and s (M ) can also be 
obtained from Racah coefficients listed (Griem 1964 ) .
The problem of obtaining o 2 is not easy, since it 
involves the exact solution of the radial wave functions 
R. Exact solutions only exist for hydrogen and other 
one-electron systems. The most accurate method of 
obtaining R is via the Hartree-Fock self-consistent 
field theory (Hartree 1957) and in certain cases the 
results obtained by this method may be accurate to
12
better than 10% (Cooper 1966) . Sometimes variational 
calculations and solutions of Schrödinger's equation 
are also used. However, these methods involve a 
considerable amount of computation. Bates and Damgaard 
(1949) tackle the problem of obtaining o 2 by means 
of Coulomb approximation. They mention that their method 
can be used with confidence for all transitions in the 
lighter, simple systems i.e. systems with one electron 
outside the closed shell. In such cases the accuracy 
between experiment and this theory is usually better 
than 10% (Cooper 1966) . However, this approximation 
is not valid for transitions whose wave functions 
strongly overlap with the core (mainly s electrons and 
to some extent p electrons) but for outer electrons 
the accuracy is about 20% (Cooper) . Griem (1964) 
presents a tabulation of oscillator strengths using 
this method.
The absorption oscillator strengths discussed 
above are also useful in determining the rate coefficients 
for excitation of any particular transition which are 
needed often in the estimation of temperatures in a 
laboratory plasma (Ref. chapter 5). The rate coefficient 
for excitation by electrons can be written, using the 
classical expression for excitation cross-section 
(Allen 1963) and averaging it over the Maxwellian 
velocity distribution of electrons, as
-5 * m -3/ 2 rT< 0  v > = 1.304 x 10 f T ex e e
e -x'/T — e eX '
-E/Tr°° e e- J ------ dEJ X ' E
3 ”1cm J sec
13
where f is the absorption oscillator strength of the
transition for which the rate coefficient is calculated,
X* is the excitation energy of that transition expressed
in eV and E is the energy of free electron also expressed
in e V . Here T is the kinetic .temperature expressed in
eV . In these units, 1 eV kinetic temperature = 1.16 x 104
°K and is 2/3 of the mean particle energy in a Maxwellian
distribution appropriate to that temperature (Post 1956) .
For a Maxwellian particle distribution the mean particle
3energy is equal to 2 ' where k is the Boltzmann 
constant and T is the temperature in °K. Fig. 1.2 shows 
the curves for collisional excitation times as a function 
of electron temperature (T e ) , of the three transitions 
in OIII, OIV and OV ions, which are used in temperature 
estimates (Ref. Chapter 5) .
1.3. Free-bound transitions
The free-bound transitions occur when an electron 
in the continuum recombines with the ion. The electron 
thus captured can occupy any vacant energy level of the 
ion. The recombination of the electron with the ion can 
take place in two ways. The first one is known as 
radiative recombination where the free electron recombines 
with the ion and the difference in energy is emitted 
as a photon of energy h v . Referring to Fig. 1.1, the 
frequency v  ^ of the recombination radiation due to the 
capture of an electron of mass m and velocity v in the 
continuum by the ion into one of its levels with principal 
quantum number i is given by
hv . = E + Trmv2 - E .ci 00 2 1
1*
5x
10
Fi
g. 
1-2
C
ol
lis
io
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T
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where Eo is the ionization energy of the ion and -mv2 
is the kinetic energy of the electron. The radiation 
emitted is continuous, since the upper level is continuous. 
However, due to the discrete nature of the lower energy 
levels, often some structure (absorption edges) is observed 
in the emitted radiation.
The second one, known as three-body recombination 
occurs when a free electron recombines with the ion, by 
collision with another free electron, and the difference 
in energy being transferred to the latter electron.
Approximate expressions and methods for calculating 
the rate coefficients have been given by many authors 
(see for example Seaton 1959) . Griem (1964) treated 
these in detail and obtained expressions for both the 
rate coefficients from quantum mechanical considerations 
The expressions for the rate coefficients of radiative 
(R ) and three-body (R ) recombinations are given by
_  1 4 4
I 5x10 z
[-Ei (_
/ 2 l-Z/2i2 z^E.
i 3 z
exp (
i2 T z e
[-Ei (-
and
hv .l lz
1
) +
Te
hv .11 '
T ) 1 cme ■
"31 . 6
rE ^H1 Tv e'
z2 E.
exp (■
izT
2 fexp
z 2E,
i (i ' +1) ^  T e  ^ eJ
3 "1c m Jsec 1
(1 .2 )
(1.3)
where z is the number of effective charges acting on the 
radiating electron (z = 1 for neutrals, z = 2 for singly 
ionized atoms etc.),, E ^  is the hydrogen ionization energy 
in e V , Z is the number of electrons with principal quantum
number i of the outer shell of the ion ground state, v is
15
the fre qu en cy of the transition between the levels with 
p r i n c i p a l  quantum numbers indicated by the subscripts, n e 
is the number density of electrons in cm 3 and i' is a 
pri n c i p a l  quantum number chosen in such a way that for the 
c o r r e s p o n d i n g  level radiative decay is about as likely as 
c o l l i s i o n a l  excitation into higher levels. In Equation 
(1.2) the term in square brackets is the exponential 
i n t e g r a l .
Grie m (1964) uses the expression for i ' , as
1 / 1 7
exp
whe re the symbols have the same meaning as before. The 
e x p o n e n t i a l  term is usually not very important (Griem) 
and is om i t t e d  in the present calculations.
Using Equations (1.2) and (1.3), the rate coefficients 
are c o m pu te d for the oxygen ions OIV, OV and O V I , as these 
are of in terest to us. The total recom b i n a t i o n  rate 
c o e f f i c i e n t  is then obtained as
a = R + R c m 3 s e c : (1.5)r c
Figs. 1.3 (a) , (b) and (c) give the a values for the above
ions as a function of electron density for three different 
t e m p e r a t u r e  values.
1.4. I o n i z a t i o n Transitions
These tran sitions (Fig. 1.1) occur when the bound 
ele ct ro n of an atom, gaining energy from collisions with 
other p a r t icles, moves into a level in the continuum, 
pr ov id ed  the gained energy by the electron is greater than 
the i o n i za tion energy of the atom to which it is bound.
r 4 z 2 E
17 ( i 1 ) 3 T3m
(1 .4 )1.26 x 10
1 2/ 1 7 rT
2 z I _e: ' / n X

ec
 {c
m
3 s
cc
H)
0 3 T  Recombination Coefficient« ( a )
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The classical ionization cross-section for such a transition 
is given by (Allen 1963)
a. = 6.51 x 10 14 n (E -E )/E E 2 cm2ion °° oo
where n is the number of optical electrons, that is the 
number of equivalent electrons in the outer shell of the 
atom to be ionized, and the rest have the same meaning 
as before. For the ionization rate coefficient Griem 
(1964) uses the expression 
. „ 7 x 10~8 V ^ / 2
l'EH'i E Z 1-z 2Eu/ . ’2 o° H i
x exp! -
_ Z -1 9 t-, 9^E - Z 2 E . . , 2 °° H/ l 1 3 “  1cmJ sec (1 .6 )
e
2 — 1where E^ is the ionization potential of the atom of 
charge (z-1) . The above expression takes into account 
the depopulation of the ground state of the atom in
question by electron impacts into highly excited states 
and into the continuum. These highly excited states are 
determined by i' (Eq. (1.4)) and once an electron is excited 
to such states, it will most likely become a free electron 
before cascading down again (Griem ) .
At high electron densities one has to take into 
account the depopulation of the ground state through 
intermediate states, mainly through the upper state of 
the resonance line. (An allowed transition between the 
ground state and one of the excited states of an atom in 
which line radiation of longest wavelength is emitted, is 
known as the resonance transition or resonance line of 
the atom) . This is due to the fact that as the electron 
density increases the value of i' decreases (Eq. 1.4))
17
and one has to take into account the collisional 
exc i t a t i o n  rates into higher levels and into continuum 
from all the levels with qu antum number less than i ' . 
Gri em (1964) uses the expression for c a l c ulating this
8.4 x 10
a s
1
•—11Ng-2 4 ._JL IIIz -1 v z -1g 1 E 2 . z — 1 z — 1 "E 2
x exp
E Z 1 -z 2 E / i '2oo H c m J sec
z'E.
I 2
1
z -1
(1.7)
where E 2 is the energy of the upper state of the resonance
Z “■ 1 Z “ 1line and g 2 and g ^ are the statistical weights of its
upper and lower states respectively.
Using Equations (1.6) and (1.7) the values for the 
ioni za ti on  rate coefficients are computed for the oxygen 
ions OIII, OIV and OV (again, since these are of interest 
to us) and the total rate c o e f f i c i e n t  (S) values are 
o b t ai ne d , as
I _
S = R .  t R V c m ^ s e c 1 (1.8)
These va lues are plotted as a function of electron density 
for three dif f e r e n t  temp erature values, in Figs. 1.4 ( a ) ,
(b ) and (c ) ,
1.5. F r e e - f r e e  transitions
T r a n s i t i o n s  between two free energy levels of the 
elec tro ns in the co n t i n u u m  are known as free-free transitions 
and the resulting r a d iation as free -free radiation. This 
can be ex p l a i n e d  by means of classical mechanics, that 
whe nev er a m o ving charge is a c c e l e r a t e d  or retarded it 
radiates energy. There are two main types of free-free 
r a d i at io ns  due to accel e r a t i o n  of charged particles.


ne
(cm^
)
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1.5.1. Brems Strahlung
The radiation emitted when charged particles are 
accelerated in the coulomb field of other charged particles, 
is known as bremsstrahlung. The bremsStrahlung spectrum 
is continuous, since the radiation is a direct result of 
electron-ion collisions where the initial and final 
states are continuous.
From classical electromagnetic theory the expression 
for the rate at which energy is radiated by an accelerated 
electron is given by (Glasstone and Lovberg 1960)
where W is the total bremsstrahlung energy radiated, 
e is the electron charge, c is the velocity of light and 
a is the acceleration of the electron in the coulomb 
field of ion of charge z e . As the acceleration of a 
charged particle, namely electron, in the coulomb field 
of the ion is inversely proportional to its mass, from 
the above equation one can see that electrons are going 
to be more efficient radiators than other particles, 
unless the energies of the latter are very high.
As suming a Maxwellian velocity distribution for 
electrons, the expression for total energy emitted per 
unit volume is
W = 1.69 x 10 32 n n.z2T ^ 2 watts, cm 3 ff e l e
where n^ is the ion number density and the rest have 
the same meaning as before. The above equation has been 
derived after taking into account the correction factors 
for quantum effects, While the above expression gives
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the total rate of energy emission over all wavelengths,
it is of interest to obtain the distribution of the
energy emitted as a function of wavelength. The expression
for this can be written as (Glasstone and Lovberg 1960) 
dW _
1.9 x 10 30 
1240x exp AT
n n. z 2T ^ 2 A 2 e l e
w a t t s . cm 3 nm !
taking the free-free Gaunt factor as unity. The Gaunt
factor is used to correct the classical expression for
the requirements of quantum mechanics. Using Eq. (1.9)
the power radiated by bremsstrahlung has been calculated
and plotted as a function of wavelength in Fig. 1.5, for
three temperature values of lOeV, lOOeV and lOOOeV, from
a hydrogen plasma. The value of A at which each curve
passes through a maximum can be readily obtained by
differentiating the above equation with respect to A and
equating it to zero. The value of A thus obtainedmax
i s
max
620
T e (eV) nm
Referring to Fig. 1.5, the energy emission to the left 
of the maximum is dominated by the exponential term and 
decreases rapidly with decreasing wavelength. To the 
right of the maximum, the energy emission, however, is
dominated by the term /
(1.9)
1.5.2. Cyclotron (or Synchrotron or Betatron) radiation
This radiation is caused by the acceleration of 
charged particles gyrating in a magnetic field. The energy 
radiated by a single energetic particle per second is given
UIU _U
1D
O O O ev  ''max
lOOev
io io5 io3 ic?io
\(nm)
Bremsstrahlung power distribution from a Hydrogen 
Plasma (n -  n. *  IO14 cm“3)
1 Fig. IS
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by (Rose and Clark 1961)
q 4 v 2 B dW 4 X
m 2 (1~v2/ c2 )
where q is the charge of the particle of mass m and 
velocity v, gyrating in a magnetic field B with a 
perpendicular velocity component v, to the magnetic 
field. The appearance of m 2 in the denominator and 
v 2 in the numerator indicates, electrons as the major 
contributors of the radiation.
The frequency of gyration or the cyclotron frequency
of the particle, namely electron, is given by
eB
me
The electrons radiate energy at the above fundamental 
frequency and also at its harmonics. For this reason 
the radiation spectrum although emitted by free electrons, 
is a kind of line spectrum composed of frequencies that 
are the harmonics of the above fundamental frequency.
For laboratory plasmas the fundamental frequency generally 
falls in the microwave region.
Apart from the above two free-free radiations there 
is another type of radiation known as Cerenkov radiation. 
This radiation occurs when the velocity of an accelerated 
particle exceeds that of light in the plasma. However, 
for this radiation to be important, the temperatures must 
be too high to be practical (Linhart 1960).
1.6. Energy losses by radiation
The energy losses by electromagnetic radiation often 
play an important role in the energy balance of plasmas 
in astrophysics and laboratory experiments and especially
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in those directed toward controlled thermonuclear 
fusion (Post 1959 and 1961, Vasilev et a1. 1962,
Artsimovitch 1964). These loss processes also can play 
an important role in determining the operating temperature 
of a plasma device. The three important radiations which 
are responsible for the energy losses from a plasma are 
the line radiation, the recombination radiation and the 
brems Strahlung.
Most plasmas of interest in laboratory experiments 
on controlled thermonuclear fusion, consist of hydrogen 
or deuterium. At kinetic temperatures of interest in 
these experiments, generally of the order of IkeV or 
more, the hydrogen isotopes used are completely stripped 
of their electrons well below this temperature 
and the plasma exists virtually in a state of complete 
ionization. Such a plasma cannot emit line radiation 
and the energy is lost only in the form of bremsstrahlung 
arising mainly from electron-ion interactions. But this 
is not always the case,since substances of higher atomic 
number such as carbon, oxygen, nitrogen, aluminium, iron 
etc. can be present in the form of impurities. These 
impurities exist as residual gases or come from the walls 
and the material of the vacuum vessel. Even at relatively 
high temperatures, only partial ionization of these impurity 
atoms will take place (see Fig. 1.6) and will lead to 
energy losses from the plasma in the form of line or 
recombination radiation. However, their contribution to 
energy losses becomes less significant with increase in 
temperature while that of bremsstrahlung becomes much more.
luminium
xygen
arbon
Dependence of electron stripping on Tem perature
(From GLASSTONE and LOVBERG I9 6 0 )
CHAPTER 2
EQUILIBRIUM CONSIDERATIONS 
2.1« Introduction
The observed intensity of the radiation emitted, 
when an electron makes a transition in the field of an 
atom depends on 1) the probability of there being an 
electron in the upper level of the transition, 2) the 
atomic transition proability and 3) the probability 
that all the radiation emitted escapes from the plasma 
without being reabsorbed. In laboratory plasmas the 
third factor can be neglected as the plasmas in question 
are in general optically thin. The atomic transition 
probabilities can be determined theoretically using 
quantum mechanical considerations (see Chapter 1). 
Considering the first factor the distribution of electrons 
among various energy levels available to them are de­
termined by collisonal and radiative processes taking 
place in a plasma. For a plasma in complete thermo­
dynamic equilibrium each of the above mentioned rate 
processes is accompanied by its inverse and a detailed 
balance exists between these pairs of processes, that 
is each process occurs at the same rate as its inverse. 
However, in many laboratory plasmas these equilibrium 
considerations do not apply since radiative equilibrium 
does not obtain. In such circumstances the problem of 
finding a detailed balance between these rate processes 
becomes more difficult. However, the problem can be 
simplified by making certain approximations applicable 
to two equilibrium cases in which a plasma exists.
The two equilibriote, for which useful approximations 
may be made are the local thermodynamic equilibrium
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(LTE) and the coronal equilibrium. In transient plasmas 
neither of the above two equil ibrittccsr is reached. In 
such circumstances one has to solve the differential 
equations describing different rate processes in detail.
2.2. Local Thermodynamic Equilibrium.
A plasma is said to be in LTE when collisional 
processes dominate radiative ones and a detailed balance 
exists between the collisional processes alone, as is 
the case in very high density laboratory plasmas. These 
processes occur with such rapidity that any changes in 
the plasma behaviour reflect in the distribution of 
population densities of electrons. In such situations 
these processes are reversible and occur in pairs with 
equal rates by the principle of detailed balance.
"Whenever LTE prevails, the population densities of 
electrons in specific quantum states are those pertaining 
to a system in complete thermodynamic equilibrium, which 
has the same total (mass) density, temperature and 
chemical composition as the actual system." (Griem 
1964). The temperature used here is the electron 
temperature since this describes the distribution 
function of the species dominating the reaction rates, 
namely electrons. This is so because the electron 
velocities are very high and their collisional cross- 
sections are at least not smaller than those corresponding 
to ions.
According to statistical mechanics these free 
electrons distributed among the various energy levels 
available to them, will have a Maxwellian velocity
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distribution and the total number of electrons of mass
m and velocities between v and v + dv is given by
2 m v 2
e T 2ttT
v 2
exp m v 2 j- J r "  dVe;e s e-
The population density distribution of various bound 
levels within a given species and stage of ionization 
of atoms is given by Maxwe11-Bo1tzmann Statistics, viz.
n . 
3
exp
E . -E . i 3 (2 .1 )
The relative population densities of atoms of the 
same chemical species in two successive ionization stages 
are given by Saha's equation, viz. (Griem 1964)
zn n
z -1
2iTmT \ 3 / o P ^  (T ) f e
2 I pf'1(V
x exp
2-1  . _2 —  1E - AE
(2 .2 )
where n and are the number density and partition function
respectively of atoms of charge indicated by the superscripts 
and AE^ is the correction term to be applied to the 
ionization energy of the isolated systems, of charge 
indicated by the superscript, due to interactions in the 
plasma. This correction term arises due to the fact 
that an isolated atom in its ground state requires the 
energy E for ionization. However in the presence of 
an external field it requires less energy for ionization.
The difference between the two ionization energies is 
the correction term. In a plasma an atom is under the 
influence of external fields caused by the Coulomb 
interactions between ions and electrons and hence the 
correction term has to be applied to its ionization
energy. Many authors have treated the problem of obtaining
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(2.3)
(2.4)
n0 (cm 3) o v OIV OIII
10*0 4.4 x 10'3 3.7 x 10”3 3.1 x 10”3
1 01 4 9.4 x 10"2 8.3 x 10“2 6.7 x 10"2
102 0 9.4 8.3 6.7
Table 2.2
Z 1AEa values in eV obtained using Eq. (2.4)
T = 100 eV e
n (cm 3 ) e OV OIV OIII
i o 10 2.4 x i o "5 1.8 x 10“5 1.2 x 10“5
1014 2.4 x i o "3 1.8 x 10"3 1 . 2 x 10~3
1 0 20
the value of the correction term for the ionization 
energy. The older treatment is by Unsöld (1948) based 
on the nearest neighbour approximation and the value 
is given by
A E Z _1 = 6.9 x 10 ~ 7 (z 2 n )1/s eVoo e
The above formula gives the largest reduction of the 
ionization energy compared to other treatments (compare 
Tables 2.1 and 2.2). Griem (1964) derives an expression 
for the reduction in ionization energy from Debye's 
theory of Coulomb interactions and it is given by
2
AEZ ~1 = 6.25 x 102 0- ^ -- eV00 4 tt e p _o D
where e is the dielectric constant of vacuum in Coulomb2 o
meter 2Newton 1 (8.85 x 10 12 C 2m 2N 1), e is the electron
Table 2.1
z — iAe ^ values in eV obtained using Eq. (2.3)
2 .4 1 .8 1 . 2
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charge in Coulombs (1.6 x 10 19C ) and p ß is the Debye
radius in centimeters.
c
is given by
4 x 10 1 1
e T o e
e 2 (n + 1 z 2 n Z
l / 2
cm
e z ,.a
Tables 2.1 and 2.2 give the values of AE z -1 in eV
obtained by using Equations (2.3) and (2.4) for oxygen ions
AEZ_1OIII, OIV and O V . Griem suggests that the values of °°
rarely become larger than 0.2 and uncertainties in the 
exponential of the Saha equation (Eq. 2.2) should accordingly 
stay below 4 per cent. From Tables 2.1 and 2.2 and from 
Eq. (2.2) one can see that this is the case in laboratory 
p l a s m a s .
Thus for a plasma in L T E , Equations (2.1) and (2.2) 
are valid, and one can obtain from them the information 
about the plasma composition i.e. the population densities 
of atoms and electron density distribution in various 
quantum states of the atom.
However, the evaluation of partition function is not 
an easy task, since it involves the summation over all 
energy levels up to the reduced ionization limit. 
Unfortunately little information can be found in the 
literature about the higher energy levels near the reduced 
ionization limit. As these higher energy levels have 
high statistical weights, their contribution to the 
partition function will be large and their omission will 
lead to serious errors. This may result in errors in 
the estimation of population densities using Saha's 
equation. Griem uses the following expression for the 
partition function, which accounts for the missing high
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energy levels as well, 
z -1 (T ) e
n ' E .
I e x P (-^r-) + y (2s ! + 1 )
i = 1 e
fz2E Q . r e z  1 - a e z  1H d / 2 exp oo ooz -1 TIae l e J
x ( 2 L ! +1)
where n' is the highest principal quantum number for which 
all the levels of the configuration whose outer electron 
has angular momentum 1 = n' - 1 are included in the energy 
level tables (Moore 1949-58) and and Li are the spin
and orbital angular momentum quantum numbers of the parent 
configuration i.e. the ground state of the next higher 
ionization stage.
Tabulations of Saha's equation and the partition 
function and many other properties of plasmas in LTE 
are given by Drawin and Felenbok (1965) .
2.3. Conditions for the validity of LTE
The subject of the validity criteria of LTE has 
been investigated in detail by Griem (1963, 1964) and
by Wilson (1962) and here the treatment by Griem (1964) 
will be summarized.
The most important condition for a plasma to be 
in LTE is that the electrons dominating the reaction 
rates have a velocity distribution which is Maxwellian 
and the collisional times are very short compared to 
radiative times namely the radiative decay and 
recombination times. For the fulfillment of the former 
condition it is sufficient if the electron-electron 
relaxation time (Spitzer 1956)
3.33 x 105 m 3/2t = -----------  rpn In A eeee
(2.5)
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is shorter than the heating and confinement times of
a plasma. For the latter condition to be satisfied
t must be much less than the radiative decay times, e e
In the above equation, In A is the Coulomb logarithm 
which is a slowly varying function of both ng and 
and is of the order of 10. A is defined as the ratio 
of Debye shielding distance to the impact parameter.
Because the cross-sections for collisional excitation 
increase rapidly with the principal quantum number, 
whereas the radiative decay rates decrease, one can 
easily find a level with principal quantum number for 
which both these rates are comparable to one another.
Then it is valid to assume that all the levels above 
this critical level are in LTE and the application of 
Maxwell-Boltzmann statistics and Saha equation for these 
levels is valid. For these levels the radiative 
reabsorption is usually negligible, but for the critical 
level and levels below it this is sometimes not true.
This effectively decreases the radiative decay rates 
and hence, results in the fixing of the critical level 
to some other low energy level above which LTE is valid.
The population of a given level i, in partial or 
complete LTE is determined mostly by the balance between 
the collision induced transitions from higher levels 
with the col1isonal-excitation into these levels. This 
is true since for almost all levels the excitation 
cross-sections are much larger than the de-excitation 
ones. A given level is said to be in partial or near 
LTE, when the actual relative population of the level
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i is within approximatley 10% of that calculated using 
complete LTE assumptions. This is the case if the 
radiative decay rate is about one tenth of the collisional 
excitation rate. Based on these assumptions and using 
estimates for both the cross-sections involved for a 
hydrogenic system, Griem (1964) obtains the condition 
for a level i to be in LTE with higher discrete levels 
a s
Griem suggests that the above condition can also 
be applied to many other light atoms, because of its 
small sensitivity to cross-sections and transition 
probabilities. However, he points out that the above 
validity criteria may well be more stringent than that 
given by Equation (2.6) , since the actual plasmas are 
never both homogeneous in space and independent of 
time to any approximation.
Assuming the validity of the above condition, the 
values of the principal quantum numbers of the oxygen 
ions 0111 , 01V and OV were calculated using Equation
(2.6), for density and temperature values of 6 x 10'  ^ cm 
and 100 eV respectively (typical peak values of central 
electron density and temperature in LT1). The principal 
quantum number values thus obtained are 10, 12 and 14
respectively for OIII, OIV and OV ions. Since, these 
values for the principal quantum numbers evidently fall 
above the reduced ionization limit for these ions, the
ne (2 .6)
above LTE considerations will not apply.
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Griem (1964) obtains the following expression for 
the es timation of the ratio of actual to LTE popu l a t i o n s  
b a s e d  on the assumption that any small fractional 
de vi at io ns of the actual p o p u l a t i o n s  would scale as 
the ratio of radiative and coll isional rates.
1  -
7 x 1 0 1 7 z 6 
n e( i )1 7 / 2
1 / 2
-J
Fig. 2.1 shows this ratio, r^, for the oxygen ions OIII, 
0 1V and O V , as a function of the principal qu antum 
nu mb e r  i for three d i f ferent values of n and for ane
el ec tr on temperature of 100 e V . It can be seen from 
the figures that in case of LT1 Plasma with T g I 100 eV 
and n e ~ 1 0 |L| cm the deviation of the actual p o p u l ations
in the various quantum levels of the oxygen ions (all the 
levels above the q u a ntum level ~6 fall above the reduced 
i on iz at ion limit) from that of LTE is quite considerable 
and the refore the above LTE co n s i d e r a t i o n s  will not apply 
to such a plasma.
The validity criterion used above (Eq. (2.6)) is 
not applicable to the lower excited states and espe cially 
to the ground state. In order to account for this 
G r i e m  considers that the coll isional rates of the ground 
state are very much higher (at least ten times as high) 
in com parison to its radiative p o p u l a t i o n  rate via the 
reson anc e t ransition from the first ex cited state and 
ob ta ins  the criterion that
"3
The above derivation is for h y d r o g e n - l i k e  species 
and has to be fulfilled in order that the pop u l a t i o n  of
10 1 7 fT e ] 1 / 2
r Ez_1
e 2iEJ E^ J cm
(2.7
(2.8
3 1
the ground state to be in complete LTE with respect to higher
levels. It was pointed out that the oscillator strength
of the resonance tran sition cancels out and that the above
cr it er io n should be reasonable for other species. However,
care should be taken in app.1 ying this to systems with
low- lyi ng resonance levels, where there is the poss i b i l i t y
of ground and first excited states being in e q u i l i b r i u m
w i t ho ut  complete LTE. Wilson (1962) derives the following
co nd it io n for the electron density n , based on the0
se mi- cor onal approximation, as
fT 11/ ( E Z ~ 1 3
n  ^ 5 .6 x 10 ' i ■=— ■ I 2 '   { c m 3 (2.9’e I V  1 E  H  J
Here, apart from the diff er ence in the numerical constant 
bet we en  the two conditions (Equations (2.8) and (2.9)) ,
Griem uses the energy of the first excited state whereas 
W i ls on  uses the ionization energy. The value for n g 
c al cu la te d by using both these formulae shows that the 
ele ct ro n density value of LT1 pl asma should be at least 
as high as 1 0 J 3 cm 3for the ground states of the oxygen 
ions to be in complete LTE with their respective hi gher 
levels, at a temp erature of about 100 e V .
The above criteria are derived for an optically thin 
plasma. However, in cases where the resonance transitions 
are sel f-absorbed and become op t i c a l l y  thick and thereby 
e ff ec ti ve ly reducing the radiative popu l a t i o n  rate of the 
ground state , the above conditions for complete LTE may 
be relaxed.
2.4. C o r o n a l - E q u i l i b r i u m
In cases, where the electron densities are too low 
for complete LTE or even partial LTE to exist, it may be
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possible to realise another type of equilibrium, known as 
corona equilibrium. This equilibrium model has been 
proposed by several authors (see for example Elwert 1952, 
Wooley and Stibbs 1953) in order to explain some features 
of the spectrum emitted by the solar corona. This model has 
been found very useful in understanding the behaviour of 
low density laboratory plasmas. In such circumstances 
the energy is no longer distributed over the different 
excited states of the atoms according to Maxwe11-Bo1tzmann 
statistics and the Saha equation does not hold. In this 
type of equilibrium the radiative decay rates dominate 
the collisional ones and a detailed balance exists between 
collisional ionization and recombination, in contrast to 
L T E , where each collision process is balanced by its 
inverse .
Thus in place of Saha equation the ratio of the 
relative population densities of successive ionization 
stages is given by
where S and are given by Equations (1.8) and (1.2) . 
Both are functions only of the electron temperature Te 
and once again it is assumed that the electrons have a 
Maxwellian velocity distribution. In the above equation 
radiative excitation and ionization are not included as 
the plasma is optically thin. The above equation is 
valid when the electron densities are low. At higher 
densities, however, three-body collisional recombination 
rates become important and one has to include these also.
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The above Equation (2.10) can now be re-written as 
z
— ^— — = S/a (2.11)z -1 n
where a is given by Equation (1.5). As the three-body 
recombination coefficient is dependent on the electron 
density (see Eq. (1.3)) , the above Equation (2.11) is 
dependent both on electron temperature and density in 
contrast to Equation (2.10) which is dependent on 
electron temperature only.
The above model has been discussed by McWhirter 
(1965) who obtains formulae for both the rate coefficients 
in case of hydrogenic ions and represents the ratio of 
the relative population densities of successive ionization 
stages (Eq. (2.10)) as
—  - = 1.3 x 108z -1
z -1r t > e 7 4 1 2 E OO
_z — 1 exp T ^ e J
00 00
The expressions used by him for S and introduce errors
of less than 10% and 30% respectively and an estimated 
z
accuracy of n /^z-1 amounts to about ±50%. Using the 
above equation, he estimates the values for the temperature 
at which the population densities of the hydrogen-like 
ions and their corresponding bare nuclei are equal. The 
estimated value in case of oxygen is about 222.4 e V .
In addition to the above steady state model, where 
the plasma exists at a constant temperature and constant 
particle density for times long compared with ionization 
and recombination times, he also discusses in detail 
the time dependent corona model and the collisional 
radiative model. The former model accounts for plasmas 
whose life times are shorter or about the same as the
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ionization and recombination times, while the latter 
one takes account of the collision processes causing
transitions between the upper levels (including three-body 
recombination).
Griem (1964) , however, considers both radiative and
three-body recombination processes, balancing the collisional
ionization and obtains expressions for the rate coefficients
of hydrogenic ions, using a simple physical model. (Equations
(1.2), (1.3), (1.6) and (1.7)). In deriving an expression
for the radiative recombination rate coefficient (Eq. (1.2))
he makes allowance for the deviations from the hydrogenic
behaviour i.e. the presence of other bound electrons, by
taking the sum in the rate equation (Ref. Eq. (6.80) of
Griem) , beginning with the principal quantum number i
of the outer shell of the ion ground state and by
z/ 9multiplying the first term by a factor (1- 2i^). Account
ofis also taken the spontaneous bound-bound transitions
from levels greater than i' (Eq. (1.4)) to levels equal to 
or less than i ' , by extending the exponential integrals 
down to frequencies in the rate equation (Ref. Eq.
(6.80) of Griem).
In estimating the ionization rate coefficient he 
adds a correction term RV (Eq. (1.7)) to the ground state 
depopulation rate coefficient R^ (Eq. (1.6)) . RV accounts 
for the depopulation of the ground state through the first 
excited state (i.e. the upper state of the resonance 
transition) at high electron densities. Although one 
should add, in principle, terms accounting for the 
excitation and ionization from higher levels, he points out
35
that there is usually no need to include any of them 
excep t that for the first e x c i t e d  state. This is due 
to the fact that the c orrec tion term for the first excited 
state becomes noticeable only when the electron densities 
are so high that i' is about 3. In cases where i' is so 
small as to correspond to the upper level of the resonance 
line, this correction term must be omitted.
Griem discusses these rate equations in detail for 
h y d r og en ic ions. He compares his results with those of 
Bates et a l 's (1952) detai l e d  calculations and obtains a 
s a t i s fa ctory agreement be tween the two. He also compares 
his results for the corona e q u i l i b r i u m  (obtained by using 
Eq. (2.11)) between hydrogenic (z-1) and completely 
strippe d (z) ions with the de t a i l e d  c a lculations of Bates 
et al. The diff erences b e tween these two results are 
ty pi ca ll y well below a factor of two. Griem predicts 
the same accuracy for n o n - h y d r o g e n i c  systems using his 
e q u a t i o n s .
Using the values o b t ained in the present case for 
the rate coefficients (Ref. Figs. 1.3 and 1.4) the degree 
of ionization or the fractional ionization for OIII, 0 IV 
and OV ions is o b t ained using Eq. (2.11) . The results are 
p r e s e n t e d  in Figs. 2.2 ( a ) , (b) and (c). Corre s p o n d i n g
Saha e q u i 1 ibrium values are also p l o tted in the same 
figures. In obtaining Saha e q u i l i b r i u m  values the 
fol lowing simple form of Saha e q u ation is used (McWhirter
1965)
n n e
„ z -1
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C o m p a r i s o n  is made between the present estimated values 
and those obtained by using Seaton's (1964) formula for 
non -h yd rogenic ions. The results obtained by Seaton's 
formula are also shown in the figures. The formula used 
by Seaton is
1 . 1 6 x 10 4 nT
n z 2 ( EZ 1 ) 2
e , [ 3 .0 - —  1 0  t  00z -1
The deviations between these two estimates are well 
below a factor of two (as predicted by Griem) except 
for the case of OIII, at high electron t emperatures 
(100 eV and 160 e V ) , which is a factor of about three 
to f o u r .
It can be seen from the Figures 2.2 ( a ) , (b) and
(c) that the fractional ionization is almost inde pendent
of n e up to a density of about 1 0 1 3 cm 3 . This is because
the cor resp onding values of i' are so high that it
corresponds to levels above the ionization limit of
the pa r t i c u l a r  ion, and only the radiative recomb i n a t i o n
(R ) and collisional ionization (R!) rates become r i
important. Although, both the rates depend on n g through
i ' , the values of i' are so large p r a c t i c a l l y  no change
occurs in their values. At higher densities ( >1015cm 3 )
the terms Rc (Eq. (1.3)) and RV (Eq. (1.7)) become
im por tant and as these are dependent on n g , the fractional
ion ization is a function of n also as can be seen frome
the f i g u r e s .
2.5. Non-E q u i 1 ibriurn
In transient plasmas of the type that are often
e n c o u nt ered in the laboratory, neither of the twoi
equ ili briums discussed above is reached. In such plasmas
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large spatial gradients of electron temperature and 
density can exist and both these quantities are 
always varying with time. The plasma in LT1 , discussed 
in Chapter 5 is a typical example of a non-equilibrium 
plasma. in order to obtain the degree of
ionization of atoms or ions in such a plasma one has 
to solve the various differential equations describing 
the rate processes in detail.
For a plasma of low density and of low ionization
stage, in the steady state a detailed balance exists
between the collisional ionization and radiative
recombination and the plasma is said to be in corona
equilibrium (already discussed in Section 2.4). In
the steady state, the rate of variation of the population
of ions of charge z is given by (Post 1961) 
zdn z-1 z-1 z. z z x z+1 z+1---  = n n R. -n n (R.+R ) + n n R = 0dt e l e i r  e r
where n is the number density of ions of charge indicated
by the superscript and R^ and R^ are respectively the
ionization and radiative recombination coefficients of
the ions indicated by the superscript.
(2 .1 2 )
In a laboratory plasma (such as LT1 plasma) impurity 
atoms, for example oxygen, carbon, etc., are present in 
successive ionized states for periods depending on time 
constants appropriate to prevailing values of n g and .
In such a plasma corona equilibrium is usually not reached 
for all ions and the degree of ionization is generally 
well below that given by corona equilibrium. In such
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circumstances one can neglect recombination and the 
variation in the number density of the ions can be
written from Eq. (2.12) as
dnZ z-1 z-1 z z---  = n n R. -n n R.e l e l
z-1
z-1 zX . T
is the ionization time in seconds of the ion
dt
where x l
indicated by the superscripts. From the above equation 
one can estimate approximately the stripping rates of 
atoms through successive ionization stages in a transient 
plasma (See, Post). Post gives curves for the stripping 
of oxygen ions as a function of time, at different 
temperatures. The above expression is used in the 
estimation of temperatures by the analysis of the time 
variation of the spectral line radiation from the 
impurity oxygen ions (See Chapter 5 ) .
(2.13)
2.6. Summary
To summarize, an LTE model can be applied to any 
plasma as long as it fulfills the conditions given by 
Equations (2.6) and (2.8) . The former provides the 
condition for a particular level with quantum number 
i to be within approximately 10% in LTE with the 
populations of the higher discrete levels and the free 
electron distribution, while the latter provides the 
condition for complete LTE to exist. One can then 
apply Saha equation (Equation (2.2)) and Maxwe11-Bo1tzmann 
statistics (Equation (2.1)) to such a plasma.
Corona equilibrium considerations can be applied 
to a low density, optically thin plasma, which fails 
to fulfill the LTE conditions and Equation (2.11) can
be used to estimate the degree of ionization if it 
results in smaller fractional ionization than the Saha 
equation. Further, Maxwellian velocity distribution 
is assumed for electrons in the preceeding estimates 
which is a valid assumption as long as the value of i' 
(Equation 1.4)) corresponds to a level well below the 
reduced ionization limit and the plasma life times 
are long compared to electron-electron relaxation times
(Equation (2.5)).
PART II
MEASUREMENT OF RADIATION
CHAPTER 3
PRACTICAL CONSIDERATIONS
Most laboratory plasmas emit radiation virtually 
over the whole electromagnetic spectrum, from short 
radio waves down to x-rays. An investigation of this 
radiation can provide one with essential plasma 
parameters including temperature and density. Depending 
on the wavelength region under study one has to use 
different instruments, both dispersion and detection, 
suitable for that region. Table 3.1 gives the regions 
of the electromagnetic spectrum, their wavelength ranges 
together with the common instruments and detectors 
employed.
3 .1 Ins truments
In general the first step in a laboratory experiment 
is to obtain qualitative information about the spectrum 
emitted by the plasma. For this purpose a spectrograph, 
either a quartz or glass prism one depending on the 
desired wavelength range, of moderate resolution and 
dispersion (2 nm/mm) is sufficient. These spectrographs 
can also be used in some circumstances for obtaining 
preliminary information on the time and spatial 
dependence of the spectrum. For time resolution high-speed 
drum spectrographs can be used. For measurement of 
line widths and line shapes spectrographs of much 
higher resolution are often required.
For detailed intensity measurements, such as 
individual line intensities or continuum intensities, 
monochromators having a wavelength resolution of about
0.1 nm throughout the ultraviolet and visible range are 
preferable to spectrographs.
For investigation in the x-ray region, grazing- 
incidence instruments with highly ruled concave gratings 
which provide spectra well into the soft x-ray region 
are useful. Below about 2 nm crystal spectrometers 
with a diffracting crystal as dispersive element are 
useful. While these two spectrometers are useful in 
the study of line radiation, the continuous bremsstrahlung 
spectra are studied by means of absorption methods which 
involve the observations on the transmitted intensities 
of the x-radiation through absorbers of various materials 
and thicknesses. Solid target bremsstrahlung radiation 
due to runaway electrons in LT1 was measured by this 
method (see chapter 6).
3.2 Radiation Detectors
Photographic plates or films are used for recording 
spectra not only for survey work but also for precise 
wavelength measurements. Special type of emulsions are 
available for use in different wavelength regions from 
x-rays to infrared. However, compared with photomultipliers 
plates or films are of low sensitivity and require much 
more light to produce measurable effects. The most 
valuable properties of photomultipliers are their linear 
response over several orders of magnitude of illumination 
and their excellent time resolution which is usually of 
the order of 10 8 sec. The other important characteristic 
of them is the wavelength dependence of the overall
sensitivity which can be influenced by the choice of 
photocathode and window materials.
In x-ray and vacuum ultraviolet regions it is 
advantageous to convert the high energy photons into 
visible or near-ultraviolet radiation before detecting 
with a photomultiplier. This can be done by using, 
crystal scintillators in the case of high energy x-rays 
and such materials as sodium salicilate on the face 
of the photomultiplier tube, in case of lower energy 
r a d i ation.
Since the photon energies in the infrared region 
are generally of the same order of magnitude as the 
work functions of the detectors used, signals tend 
to be lost in detector noise. To improve the signal 
to noise ratio one must operate detectors at low 
temperatures, such as liquid helium. In the microwave 
region one uses a square-law device such as a crystal 
diode or a bolometer with output voltage proportional 
to input power.
3 . 3 Present Study
In the laboratory the methods employed for the 
investigation of a plasma are restricted by, apart from 
many other factors, the availability of instruments.
In the present case one was restricted to spectroscopic 
measurements in the visible and quartz-ultraviolet 
regions and to certain extent in the x-ray region. The 
instruments employed in the present study consist of 
spectrographs, monochromators and fi1 terscopes .
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Two spectrographs, a medium quartz and a quartz 
Lithow, were mainly used for monitoring the line 
radiation from the plasma. These were used to identify 
the spectrum emitted from the plasma, and in addition 
to record changes in the emitted spectrum due to 
introduction of probes and targets for diagnostic 
purposes deep into the plasma. Fig. 3.1 gives a 
spectrograph of the radiation emitted by the plasma 
produced in the ANU toroidal machine, L T 1 , recorded 
on the medium quartz spectrograph in the wavelength 
region 220-500 nm. Some lines of the spectrum were 
readily identified. The known wavelengths of these 
lines were used with the Hartman dispersion formula 
to determine the wavelengths of initially unrecognized 
lines.
Before the filterscopes were available two grating 
monochromators with photomultipliers were used for 
general observations of the plasma and for temperature
estimates (Bowers et a l . 1971).
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Table 3.1
Radiation Wavelength InstrumentsRange Detectors
X-rays 0.01-5 nm Grazing-Incidence 
Grating and Crys­
tal spectrometers
Gas and 
Scintillation 
counters, 
Photomulti­
pliers , Ioni­
zation 
chambers.
Vacuum 
Ultr aviolet
5-185 nm Grating spectro­
graphs and Mono­
chromators
Photographic 
Plates or 
F i 1 m s , Photo­
multipliers
Quartz-
Ultraviolet
185-400 nm Grating or 
quartz prism 
spectrographs 
and Mono­
chromators
As Above
Visible 400-700 nm Grating or glass 
prism Spectro­
graphs and 
Monochromators
As Above
In f rared 700 nm - 
20 y
Prism Spectro­
meters with KC1 
and NaCl prisms
Photo­
detectors
Far-
infrared
20-1000 y Vacuum grating 
spectrometers 
and Inter­
ferometers
Thermal and 
Photo­
detectors
Microwave s 0.1-30 cm Microwave
Interferometer
Bolometer 
and crystal
Detector
CHAPTER 4
FILTERSCOPES
4.1. Introduction
Previous electron temperature estimates for the 
inner regions of the plasma in the LT1 machine, were 
made both by spectroscopic and resistivity measurements 
(Bowers et a l . 1971) . The spectroscopic estimates,
depending on measurements of ionization times, as 
discussed in Chapter 5, were made by observing the 
radiation associated with particular transitions in 
the oxygen ions OIII - O V I , using monochromators. The 
value of the electron density, n g) required in the above 
spectroscopic estimates was obtained from the density 
value determined at r = o, by microwave observations 
(Wort 1963, Vance 1969). Apart from temperature estimates, 
the monochromator observations were also used to obtain 
information about the plasma geometry, position, and 
to some extent its motion. Two monochromators were 
available to observe the emitted radiation from the 
plasma through the seven horizontal and seven vertical 
probe ports. Since observations of the radiation emitted 
through seven ports were required to obtain a radial 
profile of the source intensity, by Abelisation (Bockasten 
1961) , the accuracy of the results depended greatly on 
the shot to shot consistency of the plasma behaviour. The 
shot to shot variations could have been obviated by using 
seven monochromators , each one looking at the appropriate 
probe port. This possibility was ruled out due to lack 
of space and the cost involved. In order to overcome the 
draw-backs, the present instruments, referred to as 
fi1terscopes, have been designed and constructed.
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4.2. Description of_the_Apparatus
Each filterscope consists of seven units of 
photomultiplier and optical interference filter combinations, 
of the type shown in Fig. 4.1, arranged one over the other 
in a vertical plane. The photomultiplier P is mounted 
in brass housing A, which is provided with an aperture 
of 3/8" dia. , in front of the photomultiplier window, W.
The housing is also provided with another aperture of 
1/16" dia., opposite to and on axis with the 3/8" dia. 
aperture: the 1/16" aperture is used for aligning the 
filterscope with the probe ports on the machine.
Referring to Fig. 4.1, the heavy line represents the 
optical axis for radiation reaching the photomultiplier, 
after passing through the filter F housed in the filter 
holder H, the defining aperture E, at the back of H, 
along the housing tube C and via the mirror M, through 
the 3/8" aperture already mentioned. The filter is 
mounted in an adjustable filter holder so that it can 
be rotated about an axis perpendicular to the optical 
axis of the unit. A spring loaded steel ball sitting 
in a hole in C, locates the position of H, so that it 
can be taken out and replaced exactly in the same 
position.
and S^ provide the unit with independent 
adjustment for rotation about the vertical and horizontal 
axes, passing through the centre of the aperture E while 
provides the unit with independent adjustment for 
lateral position. The unit is moved, as a whole, up
and down for vertical positioning.
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The photomultipliers used are the EMI 9661A type, 
with rectangular side windows of dimensions, 24 mm by 
8 mm. The photomultipliers are shielded from magnetic 
field effects by y-metal foil wrapped around their bodies. 
The output of the photomultiplier as a potential across 
a,n anode load resistor is measured by oscilloscope in 
the experimental situation and by digital voltmeter in 
calibration .
4.3. Measurement of Filter Transparency
The filters used are the optical interference filters
of the Fabry-Perot interferometer type, supplied by Baird
Atomic Incorporated. The filters, 1/2" square by 1/4"
thick, had a maximum transmission for normal incidence,
at nominal wavelengths of 326 . 55 , 338.56 and 278.10 n m ,
corresponding to the wavelengths of the three transitions
no^vin the OIII, OIV and OV ions respectively. From^onwards 
they will be denoted respectively by III, IV and V. In 
order to compensate for effects of ageing of the filters 
the wavelength of maximum transmission was set by the 
manufacturer to be slightly higher.
The value of the wavelength for maximum transmission 
through the filter for a particular angle of incidence 6 
is given by
, _ 2 n d cos 6
A — m
where n and d are respectively the refractive index and 
thickness of the dielectric film between the filter faces 
and m is the order of the spectrum. The angle of incidence
6 is the angle between the optic axis and the normal to
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the front face of the filter. From the above expression 
it is evident that by increasing the angle 0, A can be 
decreased. In order to obtain maximum transmission at 
the required wavelength, III, IV or V, the filters 
supplied by the manufacturer have to be set at angle 0. 
This was done as follows, by mounting them in the 
adjustable filter holders.
Using a quartz iodide lamp as source and a 
monochromator to select the required radiation wavelength, 
a filterscope unit was aligned to accept the light from 
the exit slit of the monochromator. The filter face 
was set normal to the optic axis, by adjusting the 
filter until the light beam reflected from the filter 
face retraced its path. The monochromator wavelength 
indicator was set at zero for this. The monochromator 
wavelength indicator was then set at the required value 
depending on the filter used, and the filter was rotated 
to a position where the photomultiplier signal was 
maximum. The wavelength indicator of the monochromator 
was set back at zero and the filter angle 0, was 
measured by observing the position of the reflected 
light beam from the face of the filter on a scale at 
a known distance from the filter.
Having set the filter angle the filter transparency 
as a function of wavelength, R(A), was obtained by reading 
the photomultiplier signal against the monochromator 
wavelength setting, with the filter in position and 
without the filter. Typical values of R(A) are shown
in F i g . 4.2.

49
4.4. Calibration of Photomultipliers
A tungsten ribbon lamp, with a vertical U-shaped 
20 mm by 2 mm tungsten ribbon, was used for the absolute 
calibration of the photomultipliers. The lamp, 
supplied by Philips & C o . , Holland, was calibrated by 
the National Standards Laboratory, C.S.I.R.O., Sydney, 
for use as a standard source of spectral radiance over 
the wavelength range 250-700 n m .
The photomultipliers were calibrated at wavelengths 
of 250, 300, 350 and 400 n m , using a monochromator A
for wavelength selection. The efficiency of this 
monochromator was obtained as follows.
Fig. 4.3 shows diagramatically an arrangement of 
the experiment. A and B are two monochromators, T is 
the tungsten lamp, I is the aperture defining a certain 
solid angle £2' subtended at the lamp filament, L] and L 2 
are the two lenses and Pi and P 2 are the two prisms.
The filament of the lamp was focussed on the entrance
slit of B with unit magnification by means of Li. The position
of the aperture I was then adjusted in order to obtain its
image in the plane and well within the boundaries of
the grating of B. The lens L 2 was used to focus the
exit slit of B, on the entrance slit of A, with unit
magnification. Care was taken to ensure that the
entrance slit of A and the exit slit of B were such
that the image of the exit slit of B fell well inside
the limits of the entrance slit of A. For this the
entrance slit of A should be at least three times the
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exit slit of B. Using the same photomultiplier, the 
output signals of A and B were measured, for a particular 
wavelength setting on A and B. The efficiency of the 
monochromator A for the above wavelength was given by 
the ratio of the output signal of A to the output signal 
of B. The appropriate percentage losses of the optical 
components involved were taken into account. In this 
way the efficiencies of the monochromator A were 
obtained for wavelengths at which the photomultipliers 
were to be calibrated.
In calibrating the photomultipliers, the same 
experimental set up as in Fig. 4.3 was used, except 
monochromator B was replaced by monochromator A which 
in turn was replaced by the photomultiplier to be 
calibrated. The positions of L2 and the photomultiplier 
were adjusted until all the light coming from the exit 
slit of A was received by the photomultiplier. The 
output signals of all the photomultiplier? were measured 
for wavelength settings of 250, 300, 350, and 400 n m ,
on the monochromator A. The same potential, as in the 
experimental situation, was applied to the photomultipliers. 
If C is the calibrated value for the spectral radianceA
of the lamp for a particular wavelength A, then the power 
output from the lamp falling on the cathode of the 
photomultiplier is given by
PA C.A'AAft'E watts A A
where A' is the area of the entrance slit of the monochromator 
A, AA is the wavelength spread of the radiation reaching 
the photomultiplier, t t ' is the solid angle subtended by
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the aperture I at the lamp filament and E is theA
monochromator efficiency for the wavelength A. AA is 
given by the product of the reciprocal dispersion and 
the exit slit width of monochromator A. The anode 
current for the power input at the cathode is given
by
A = S/R Amp
where S is the potential measured across the anode
load resistor R of the photomultiplier. The response
of the photomultiplier, p(A), is given by 
A
p (A) = ~  Amp/watt (4.1)
A
The responses p(A) of the photomultipliers were 
obtained, for the wavelengths 250, 300, 350 and 400 n m .
Using the quantum efficiency of the cathode and 
the gain of the photomultiplier as specified by the 
manufacturer, the responses p (A) for the photomultipliers 
were calculated and compared with the values given by 
Eq. (4.1) . The expression used was
p ( A ) = Amp/watt
ill
where Q and G are the quantum efficiency of the cathode 
and gain of the photomultiplier respectively, and E 
is the energy of the photon of wavelength A. E is given
e = 1239.6 ev
A
where A is expressed in nanometers.
The calculated values of p (A) are within ±20% of 
the experimental values. It was noticed that the value 
of p(A) did not vary appreciably over the wavelength
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range of the filter transmission with which the photomultiplier 
was used to measure the radiation. Hence, it was taken 
as a constant over the wavelength range of the filter 
transmission, in determining the absolute intensities 
(see Section 4.5).
4.5. Lining up of Filterscopes
Fig. 4.4 shows in plan view one example of the 
arrangement of the three filterscopes, each of seven 
units used for measuring the radiation from III, IV 
and V, with respect to one set of 7 probe ports on the 
machine .
A He-Ne laser was used for aligning the filterscope 
system. A neutral density filter was used in front of 
the laser to reduce the intensity of the laser beam.
The beam from the laser was directed on to the window 
of a probe port, for example HI, and the position of 
the laser was adjusted so that the reflected beam from 
the window of HI coincided with the incident beam. A 
beam splitter, BS1 was introduced between HI and the 
laser at an angle of 45° to the optic axis, with its 
reflecting surface facing HI. The optic axis is 
indicated in the figure by the heavy line. Again the 
laser position was adjusted for any shift in the beam 
due to refraction in the beam splitter. Beam splitters 
were used to split the incoming beam into two, reflected 
and transmitted. The beam splitters, 3/4" diameter by 
1/8" thick, were supplied by Quentron Optics. They were 
designed for a two to one reflection to transmission ratio 
at 350 n m , at an angle of 45° incidence. They were
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made from homosil material and were coated with inconel 
on one face for use as a reflecting surface.
The position of BS1 was adjusted until the incident 
beam (i.e. the reflected beam from HI) on it and the 
reflected beam from it, were approximately in the same 
horizontal plane and at right angles to each other.
The beam from BS1 was then observed through the 1/16" 
dia. aperture of the corresponding unit no. 1 of the 
filterscope F S 2 and the unit was adjusted so that the 
beam was visible centrally with maximum intensity. A 
dummy filter holder with the same aperture as the 
experimental ones was used.
Another beam splitter was introduced between unit 
1 of FS2 and BS1 at an angle of 45° to the optic axis 
with its reflecting surface away from FS2 as shown in 
the figure. Its position was adjusted so that the 
incident beam (i.e. the reflected beam from BS1) on it 
and the reflected beam from it were approximately in 
the same horizontal plane and perpendicular to each other. 
The unit no. 1 of FS2 was again adjusted for any shift 
in the beam due to the presence of BS2, and the 
corresponding unit no. 1 of FS3 was adjusted in the 
same manner as the unit no. 1 of FS2. Similarly, all 
the seven units of FS2 and FS3 were lined up one after 
the other with respect to their corresponding probe 
ports on the machine and the beam splitters; each time 
adjusting the positions of the laser and the beam
splitters.
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Both the filterscopes FS2 and FS3 were removed 
and the laser was placed at the position of FS2 
behind BS2. Locating pins in the base of filterscopes 
enabled them to be accurately replaced after removal. 
The beam from the laser was shone through one of the 
beam splitters of BS2, for example no. 1 and was 
reflected on to Hi by means of beam splitter no. 1
of BS1 (Beam splitters were also numbered as the
probe port windows and the filterscope units). The 
position of the laser was adjusted until the beam 
reflected from HI retraced its path. Part of the 
reflected beam from HI that was transmitted through 
BS1, was observed through the 1/16" dia. aperture of 
the no. 1 unit of FS1, placed behind BS1 and the unit
was adjusted similarly as the other units of FS2 and
FS3. In this way, all the seven units of FS1 were 
lined up with respect to their corresponding ports 
on the machine; each time changing the laser position, 
so that the beam, after passing through and reflected 
from the corresponding beam splitters of BS2 and BS1 
respectively, fell on the corresponding probe port.
4.6. De termination of absolute intensities
The following set of equations were used for 
obtaining the absolute intensities of the oxygen ion 
lines III, IV and V.
S IRi j
S
i j
(4.3)
SV
(4.4)
The symbols and notations used in the above
equations are
- Output signal of the photomultiplier used
to measure the radiation of the line indicated 
by the subscript m = III, IV or V, expressed 
as anode current, Amperes.
I - Absolute intensity of the line indicated by 
the subscript m = III, IV or V, expressed 
as power per unit area per unit solid angle,
W .cm 2 . Sr 1 •
pn - Response of the photomultiplier used to m
measure the radiation of the line indicated 
by the subscript m = III, IV or V, to the 
radiation of the line indicated by the 
superscript. This was already mentioned in 
Section 4.4.
- Transparency of the filter giving maximum 
transmission for the wavelength of the line 
indicated by the subscript m = III, IV or V, 
to the wavelength of the line indicated by 
the superscript, n = i, j, k for OIII, O I V ,
OV respectively, whose wavelengths lie within 
the transmission curves for m shown in Fig. 
4.2. This has been discussed already in 
Section 4.3. Table 4.1 gives the list of 
wavelengths of the oxygen ion lines lying 
within the transmission curves for OIII, OIV
and OV filters.
56
TABLE 4.1
Wavelengths of lines of oxygen ions lying within 
the transmission curves for OIII, OIV and OV
filters. (nm)
OIII Filters OIV Filters OV Filters
OIII lines 326.10
326.55
328.20
331.23
333.30
334.07
335.10
OIV lines 338.13
338.56
339.04
339.68
340.98
OV lines None
331.23 266.57
333.30 267.35
334.07 268.50
335.10 298.30
302.25
304.60
326.10
326.55
328.20
331.23
333.30
334.07
335.10
338.13 306.35
338.56 307.17
339.04 338.13
339.68 338.56
340.98 339.04
339.68
340.98
None 278.10
278.70
278.99
294.15
- Ratio of the intensity of the line indicated by 
the superscript n = i, j, k for OIII, OIV, OV 
respectively, (Table 4.1) to the intensity of 
the line indicated by the subscript m = III, IV
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or V. These A values were obtained by a 
series of measurements of the radiation 
from the plasma using a monochromator.
F - Fraction of the incident beam that is reflected 
or transmitted by the beam splitter as the 
case may be .
- Geometry factor of the filterscope unit used 
to measure the radiation of the line indicated 
by the subscript m = III, IV or V.
The product 1, * (m = III, IV or V) can be written
hv
I . G 'm m <0 v > (ftA) dLm ex e m
m c
-A---1 n n .4tt j e i
where ft is the solid angle subtended by the detector aperture 
at the centre of the plasma slab, of cross-sectional area 
A and length dL , perpendicular to the line of sight from 
which the radiation can reach the detector. The integration 
is taken over that depth of the plasma that is viewed by 
the detector. In the experimental situation, due to the 
small area of cross-section of the detector aperture the 
product 'ft A ' in the above expression remains fairly constant 
for a particular filterscope and hence can be taken out 
of the integration. One can break the above expression into 
t w o , as
h v
4 TT
L f- n n . < o v > dL
4 e i m ex e
and (ft A )
( d z  )
where a and a' are the cross-sectional areas of the aperture 
in front of the detector and the probe port respectively
and d their distance of separation. In the experiment a
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and a' are the same for all the filterscope units and 
d is the only variable from one filterscope to the 
other.
Solving Equations (4.2) and (4.3) for I j j j and 
I a n d  substituting them in Equation (4.4) , one obtains 
the following set of equations for I , 1^ and I .
Ill IVS y R j A j -IV - ,3IV"ivblIIt i v i vG' o
IV
GIIIPIIISIv4RIIIA IVj D
FG ' G ' III IV
III IV I r i , P XTXP —  I ) R___A
IV III 
PIIIPIV
III"ivl^”III"III 1
Y i i
4r i v a ii i 1
j
^ RivA ivj
j
ZRllIAIV 
J
IIIG - -  p;::sx.jRiTTAiTT - G;„p;,n sTTT^ ; jIII III IVV III H I  1 IV IV H i t  IV III 1
r, , . Ill IV
F G ' G ' p p III IV M IIIMIV Ir IIIA III
PIIIPIV Jr 3 a 3uriv K W h
Jr 3 a 3 .4 iv iv  ^j
S - FG' V V % nim K Ani + pvV h W W v
k
(4.5)
(4.6)
(4.7)
From the above equations the absolute intensities of the 
oxygen ion lines, III, IV and V, from the plasma, observed by 
the three filterscopes through the seven horizontal probe 
ports are obtained. Using these the radial profile of the 
source intensity is obtained, by Abelisation (Bockasten 
1961). The spectroscopic measurements using filterscopes 
are presented in the next chapter and the results are discussed 
in terms of plasma geometry, its position and motion.
The results are also used for the plasma temperature 
estimation.
CHAPTER 5
MEASUREMENTS WITH FILTERSCQPES
5.1 Introduction---------- - --  «
The work presented in this chapter is a preliminary 
report of the work still in progress. Due to time 
limitations and the amount of work involved only a 
preliminary analysis of the results is possible at 
this stage and more definite conclusions are expected 
at a later date .
Measurements were made on the LT3 machine, with 
two arrangements of fi1terscopes. One arrangement has 
already been described in section 4.5 of the previous 
chapter. In the other arrangement two OV filterscopes 
were used, one looking at the seven horizontal ports 
and the other looking at the seven vertical ports, with 
no recording of OIII or OIV. Fig. 5.1 gives typical 
examples of the filterscope signals (only OV) for 
various conditions. In order to facilitate measurements 
from oscillographs, time marks, from a time mark generator, 
were used on the base line. These time marks can be seen
Ias small square-wave type pulses in the figure. For all 
the results presented here the primary condenser bank 
was operated at a fixed voltage of 7kV, which gave a peak 
value of about 23kA, for the gas current, I , .g 9
In the analysis of the measurements, the effect 
due to the reflectivity of inconel (material of the vacuum 
vessel) was ignored. Comparison of the signals just
before the V spike, form the vertical and the horizontal<P
ports showed minor differences (see Fig. 5.2). Fig. 5.2 
(a) shows the signals from vertical and horizontal ports,
Fig. 5.1 - Examples of Filterscope Signals of
OV Line Radiation
Nos. 1-7 - Upper and Lower Traces - Signals
from 7 Vertical and 7 Horizontal 
Ports Respectively
Nos. 8 and 9 - Upper Trace -
Lower Trace - I9< P
Nos. 1-7 and 9 - Sweep Rate - 0.1 ms/div.
No . 8 Sweep Rate 1.0 ms/div.
1,2 3 ,
4  5 6,
7 8 .9 .
Fig. 51(a)
Conditions:
Primary =7kv
=  476kG
Horizontal Bj_= 8 4G  (direction inwards) 
Bias—60amp.
B .-  anti-clockwise
Fig. 51(b)
Conditions:
Primary == 7kv 
=  6-16 kG
Horizontal B^=8’4G (direction inward) 
Bias — 60amp.
B ^ -  anti-clockwise
Fig. 51(c)
Conditions:
Primary =7kv
= 6-72 kG
Horizontal Bi=8-4G direction outwards
Bias -  60amp.
B^- clockwise
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for anti-clockwise direction of B, and the magnitudes<P
of and B, are respectively 5.6 kG and 8.4 G. The B^ 
field is inwards and parallel to the torus major radius.
In plotting the curves the base line for horizontal 
probe ports is shifted towards right by about 1 cm with 
respect to the base line for vertical ports. In Fig.
5.2(b) the signals are shown, with the signal from 
horizontal ports inverted and the base line for horizontal 
ports is shifted towards left by about 1 cm with respect 
to the base line for vertical ports. The magnitudes 
of B A and Bj^  fields are the s ame as in (a) except the
direction of B ^ is clockwise and the Bj_ field direction 
is outwards. Fig. 5.2(c) shows the signals from 
horizontal and vertical ports with the signal from 
horizontal ports inverted and the base line shifted
towards left by about 0.25 cm. The direction of B,<P
and the magnitude and direction of B^ are the same as 
in (a) . The magnitude of B is 5.88 kG.
There arises the question of validity of comparing 
measurements between the horizontal and vertical ports , 
as the vertical ports are displaced 90°, in , in the
direction of I , , from the horizontal ports, as
9<P
mentioned earlier. Further differences between the 
signals from the vertical and horizontal ports could 
be due to the reflected radiation. Measurements of 
the reflectivity of inconel with a surface similar to 
that of the vacuum vessel indicated that only about 10% 
of radiation at X = 278.1 nm was reflected. It is noted 
that with the difference in geometry of the vacuum 
vessel wall facing the vertical and horizontal ports,
ontf-dockwlse
clockwise
Comparison of 0 2  Intensities through vertical 
and horizontal ports towards the end of contrac­
tion phase
X  horizontal 
O  vertical
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the latter would receive reflected radiation from 
a wider angle in the horizontal plane than would the 
vertical ports in a vertical plane. While it is possible 
that the differences between the vertical and the 
horizontal signals shown in Fig. 5.2, were due in part 
to components of reflected radiation, so many other 
factors are involved that no definite conclusions can 
be drawn. Differences in signal values would be expected 
of course, even if both sets of ports coincided in cf> , 
except for particular plasma distributions .
In Fig. 5.3, intensity distributions at 278.1 nm 
are shown, (a) for vertical ports and (b) for horizontal 
ports, at 10 y s intervals about a spike. In Fig.
5.3(c) the same individual values as in (b) were plotted, 
but the curves were drawn to obtain a more symmetrical 
distribution about a point between H3 and H 4 . That it 
is possible to obtain such different curves from the 
same set of values highlights the need for measurements 
with smaller intervals of distance between adjacent 
observing points.
For obtaining information on the plasma behaviour 
due to effects of the applied fields, measurements were
made for both directions of B and for different magnitudes<P
of and also for different magnitudes and directions of
Bj^ . In section 5.2, a discussion, of the effects of these 
applied fields on the plasma behaviour, is given. In 
sections 5.3 and 5.4 the estimation of electron temperature 
and the estimation of oxygen ion density are respectively 
discussed. Finally in section 5.5, some conclusions are
drawn .
I 2 3 6 74 5
Fig. 5-3(a)
0 2  intensity dstrlbution through v ertic a l ports
Bf>5'6kG antl-dockwltc
1 2  3 4 5 6 7
Fig. 53 (b )
O H  intensity distribution through horizontal ports
Bi-5-6 kO antl-clockwfM 
<P
Fig. 5 -3 (c )
OTTintensity distribution through horizontal ports
B^5*6kG antl-clockwiM
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5 . 2 Effect of A p p lied Fields
5.2.1 Di rection of B■<P
Absolute intensity distributions (spectral radiances) 
of III, IV and V lines were obtained from the observed 
signals using Eqs. (4.5), (4.6) and (4.7) resp e c t i v e l y
for both directions of B : clockwise (same dire ction as
4>
I ,) and anti-clockwise (opposite to I ). Appendage Ig (p g<f>
gives examples of the intensity di s t r i b u t i o n s  of III, IV 
and V lines, obtained with no bias (see subsection 5.2.2) 
and no B^ fields, for both directions of B^. The intensity 
di st r i b u t i o n s  in Appendage I are shown as models, where 
the abscissa represents the horizontal probe port numbers, 
and the ordinate in vertical plane represents the intensity. 
The time scale, in microseconds, increases from the 
b o t t o m  to the top of the model. The d i s t r i b u t i o n s  are 
shown for 10 ys interval. The V^ spike position is 
s h ow n by a green mark. In each model the intensity 
values are norm alised with respect to the peak intensity 
value oc curring in that particular model. In general 
the un no r m a l i s e d  signals showed peak values of 0III<0IV<0V.
The signals for clockwise direction of B^ were always 
(about two times) than those for an t i - c l o c k w i s e  direction
of B . It is be lieved this was due to the plasma making<P
more con tact with the vacuum chamber wall, with B <P
clockwise. Apart from increasing oxygen ion impurity 
this would also lead to some cooling. Certainly the 
a n t i - cl ockwise intensities for OV r e flect a higher 
temperature. The decrease in the OV signal at centre 
(Port H4) signifies ionization to O V I . The presence of
Irev
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OVI was confirmed by monochromator measurements at a 
central horizontal port displaced slightly in <j> from 
H 4 .
Referring to Appendage I, the distributions for 
anti-clockwise B are more symmetrical than those<t>
corresponding to clockwise B , in the latter case the 
radiation source appears to be displaced downwards, 
as pointed out by Bowers et a l . (1971) .
Peaks occurring in the signals from OIII and OIV 
reflect increases in radiation from outer regions of 
the plasma, except possibly, immediately after the 
spike. On the other hand, OV will tend to.occupy the 
hotter central regions. The central peak in the OV 
signal after spike for B^ clockwise, suggests a
hot inner core superimposed on a fairly uniform radial 
distribution of O V .
5.2.2 Effect of B  ^ fields
The bias current produced an equivalent vertical 
Bj^  field of 0.075 G/A with a horizontal component of 
about a third of this value. The bias was applied to 
avoid saturation of the iron core. Values of Bj_ given, 
subsequently refer to those fields imposed in addition 
to components due to the bias coil alone. The horizontal 
Bj^ fields used in both directions, 8.4 G, for a bias 
current of 50 amp. were optimum for 7kV, primary and 5.6 k G ,
B , giving the lowest average V /I coinciding with<P <P 99
longest discharge as compared with bias alone and no 
Bj^ fields.
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With the application of optimum B fields, the
difference between spectroscopic signals obtained with
B , clockwise and anti-clockwise was significantly less 9
than when no B. was applied. In general, under optimum 
conditions, the discharge appeared to be fairly symmetrical 
about the minor axis when viewed from the vertical 
ports and about a point below the minor axis when viewed 
from the horizontal ports. Of course at particular 
times deviation from the general trend would appear 
(see for example Fig. 5.2).
For a clockwise direction of B with a horizontal9
B^ field inwards and for an anti-clockwise direction of
B with a horizontal B, field outwards, it was not always9
to obtain to epossible -f-o r th-e breakdown of gas a n dy[ i n i t i a ty*L o n-
the discharge. When operating with B greater than
4>
5.6 k G , a horizontal B^  field of 8.4 G would not be 
expected to be optimum. However, measurements have not 
yet been made to investigate this.
Observations were made simultaneously of OV
radiation from the vertical and horizontal ports in a
preliminary investigation of the effect of varying the
vertical component of Bj^ . For these observations
B, = 6.72 kG clockwise and B, (horizontal, outwards) =9 -1
8.4 G. Measurements were made with and without the 
additional Bj^ vertical component of 4.2 G. Results are 
shown in 5.4. It will be seen in Fig. 5.4(a) that no 
effective change occurs in the horizontally observed 
radiation. In Fig. 5.4(b) although there is a difference 
between observations with and without Bj^  (vertical) field,
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031 Intensity distribution through horizontal ports 
with and without vertical B. field
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Fig. 5*4(b)
03? Intensity distribution through vertical ports, 
with and without vertical B. field
Bj"6*72 kG clockwise
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the difference is not conclusive but merely suggests 
that it is worthwhile to carry the investigation further.
5.2.3 Effect of B magnitude.------------- (P------- •----
For anti-c1ockwise direction of B , the B fieldcj) (p
could be increased upto a maximum, B, , 5.88 kGij) max
before the regular instability cycle pattern was replaced 
by more violent higher frequency oscillations (Ref.
Fig. 5.1 ( b ) ) . In contrast, with B clockwise B, wascj) cj) max
6.72 kG (Ref. Fig. 5.1(c)) and the time period for
instability cycle (x.) increased with increase in B,.1  cj)
This is more consistent with the behaviour of other 
T o k a m a k s .
Referring to Fig. 5.1(c) it will be seen that OV 
signals, from central vertical and horizontal ports, 
after an initial increase in magnitude following the
V, spike, subsequently decrease before the next V ±(j) (j)
spike, indicative of ionization of OV to O V I . At 
lower temperatures the OV signal continuously increases
after the V ± spike and monochromator measurements(j)
indicated that little OVI was present.
Fig. 5.5 shows the effect of higher B, fields.<P
Fig. 5.5(a) and (b) show the intensity distributions 
of OV through horizontal and vertical ports for two 
clockwise B, field values, 5.6 kG and 6.72 kG. The 
distributions observed through the vertical ports are 
essentially the same for both the B, field values 
(Fig. (a)). However, in case of distributions from
horizontal ports (Fig. (b)) the one for higher B shows a<P
much sharper boundary on the upper side of the plasma,
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Fig. 5-5
O Y  Intensity distribution 
a) through vertical ports 
t>) through horizontal ports
B, — clockwise
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with an accompanying increase in radiation from the 
upper half of the plasma.
5.3 E lectron Temperature
Estimates of electron temperature were made for
the central region of the plasma for B = 6.72 k G ,9
clockwise, with = 8.4 g outwards, the filling
pressure of the torus being ~1 mtorr, from the absolute 
intensity distribution (spectral radiance) of OV 
radiation obtained from Eq. (4.7) . Using these spectral 
radiances the emission coefficients, S, were obtained 
by abelisation using Bockasten's coefficients (1961) .
The S values are shown in Fig. 5.6, as a function of 
the torus minor radius, r, for times t^, t 2 , t 3 and ti+ , 
these being -270, -220, -170 and -120 ys from the
voltage spike, during an instability cycle in the 
region of peak current.
The emission coefficient is given by
n n. < a v > Ette V ex e V (5.1)
where E^ is the energy of the emitted photon. Differentiating 
with respect to time and dividing by S, one obtains
+  —  +  -
nv x
< G v > and the dot indicates time derivatives, ex ewhere X
Assuming that OIV is effectively absent from the central
region of the plasma - an assumption supported by
observations - and ignoring recombination and wall losses
the continuity equations are, 
dn„
n d t V
+ div VV
(5.2)
where t 1/n < cr . v > is the ionization time of OVe Vion e

to O V I , and
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1 dne-- — —  + div V = 0n d t ee
and are macroscopic velocity terms and may be taken 
as identical. Under these circumstances
1_
nv dt
, dn1_ __e
n d te
(5.3)
Using Eq. (5.3) in Eq. (5.2) and rearranging the terms, one 
has
, 2n * (dX/dT )T1 _ __e _ £ e e
t ” n S X (5.4)
where & of E q . (5.2) is replaced by (dX/dT )T .0 0
This method for the estimation of temperature differed 
from that used by Bowers et al, in that they used the rate 
of variation of the discharge radius to obtain ng and 
whereas here electron density and its time variation have 
been determined directly from microwave measurements. In 
obtaining the values of t and X, the classical cross- 
section formulae (Allen 1963) were used.
In the microwave transmission method (Vance 1969) 
used for the estimation of electron density in these 
measurements, the signal to noise ratio for microwave 
signals was factors better than that used by Bowers 
e t a l . , although there was some uncertainty as to whether 
the signal level recorded during a discharge was affected 
by other factors than the plasma density. However, it is 
believed that for times during the discharge relevant 
to these measurements the microwave signal level was 
determined mainly by the plasma. The values for the 
density at two times, 250 ys apart, were obtained during 
an instability cycle. Assuming ng increased at a constant
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rate, n = 6.7 x 1 0 ‘6 cm 3 sec 1 , the h / n values e ' e e
were obtained corresponding to times t ] , t 2 , t 3 and ti* .
Taking X initially as zero and using other appropriate
values in Eq. (5.4) t values were obtained. Using theseV
t values and the n values for times ti to tu , the V e 1
corresponding temperature values, T (0) , were obtained.
These are shown in Fig. 5.7. The T (0) values weree
used to estimate a new set of temperature values, T (1) 
(Fig. 5.7) , taking into account this time the effect 
due to the third term on the right-hand side of Eq. (5.4) . 
The iterative process was repeated until the Tg values 
did not change appreciably from one iteration to the 
next. The temperature values T (2) obtained from the 
final iteration are shown in Fig. 5.7.
5.4 Oxygen Ion Density
The oxygen ion density n ^ , was estimated at 
at which time most of oxygen would be in this state, 
at r = 0, from the abelised OV signals using the absolute 
calibration value, p, of the photomultiplier. The 
emission coefficient is given by Eq. (5.1). With 
appropriate values for S, n^ and T^ at r = 0 ,  at time 
t ]_ , the value of n^ was obtained as 6.1 x 109 cm 3.
Mass analysis of the gas in the torus after 
conditioning showed a partial pressure of H 2 equivalent 
to about half the base pressure of 1.0 x 10 7 torr.
Under these circumstances, assuming air and hydrogen 
to be the main constituents of the gas, a uniform 
distribution of ionized oxygen in the torus would 
produce an oxygen ion density of 2 x 103 cm 3. For
05
O Te (O  
X Te ( I )  
□ \  (2 )
time
50  ns
Fig. 57
Estimated Electron Temperature
6 9
a pa rab oli c density distribution with a discharge 
radius of 5 cm, and assuming half the gas was included 
in this region a central density of 8 x 1 0 9 cm * 123 would  
be expected. Although agreement between this estimate 
and the experimental value could be somewhat fortuitous, 
it does suggest that any additional oxygen released
from the vacuum vessel walls at the time of the V,<p
spike has been lost from the discharge by the time of 
the start of the contraction cycle.
5.5 Summary and Conclusions
It is emphasized again that the results p r e s e n t e d  
in this cha pter are only a preliminary report of the 
work still in progress. On the basis of these results 
the following conclusions are drawn.
1. The differences observed between the signals 
from the vertical and horizontal ports, just before 
the V^ spike are small, apart from the changes of 
po si ti on  of the plasma minor axis (see Fig. 5.2).
2. In view of the large deviations wh ich are 
pos si bl e between the drawn curves for the same set of 
o b s e r v a t i o n  points (Fig. 5.3(b) and (c)) there is a 
need for observations to be made at smaller intervals 
of di st an ce between adjacent observing points.
3. The intensity distribution for OIII, OIV and 
OV (with no bias and no Bj ) is more symmetrical about
the m i no r axis for B = 5.6 k G , a n t i - c lockwise than<P
for B = 5.6 kG, clockwise, observed from horizontal
<P
ports (see Appendage I) .
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4. Decrease in OV signal at the centre for 
B^ = 5.6 kG, a n t i - c1ockwise (Appendage I) indicates 
ionization of OV to OVI and hence higher temperatures.
5. Measurements made with small vertical Bj^  fields, 
of 4.2 G, suggest some change in the plasma d i stribution 
about the minor axis of the torus in a major radial 
direction (Fig. 5.4).
6. For clockwise direction of B^ (B^ 8.4 G , not
n ecessarily optimum) the B, field could be increased
up to B (jimax 6.72 kG, in contrast to B <j>max 5.88 kG
for B ^ , anti-clockwise, before the regular instability 
cycle pattern was lost. The period for instability
cycle (t .) increased to 500 ys with increase in Bl <J>
for B clockwise.
7. With higher values of B , clockwise, increased<P
OV radiation was observed from the upper half of the 
plasma (see Fig. 5.5).
8. The temperature values for B, = 6.72 k G , 
clockwise are higher than those obtained by Bowers 
et a 1 . This would be expected as the period for
instability cycle ( t ) is longer; allowing a longer
heating period.
9. The estimated oxygen ion density value of
6.1 x 1 0 * 9 cm 3 suggests that the gas entering the plasma
from the walls during the V spike, is lost from the
<P
plasma before the beginning of the c ontraction phase.
It is possible that during the osci l l a t o r y  phase the 
outer regions of the plasma are lost to the walls
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and the inflow of gas following the spike does
reach the central regions of the plasma.
not
PART III
RUNAWAY ELECTRONS
CHAPTER 6
INVESTIGATION OF ELECTRON-RUNAWAY IN LT1 
6.1 Introduc tion
The presence of runaway electrons was first 
observed by Bernstein et al. (1958) and Coor et al. 
(1958) in their controlled fusion experiments with 
the B-model stellarator. The former authors made a 
thorough investigation of the problem of runaway 
electrons in helium discharges under a constant 
electric field. Matveev and Sokolov (1960) 
investigated in detail the pattern of electron 
runaway in tokamak type device, T-2, but related 
their measurements to the circumstances of electron 
runaway rather than to the spatial or energy 
distribution of the electrons.
In toroidal discharges the presence of runaway 
electrons is generally indicated by bursts of 
x-radiation as the electrons collide with the vacuum 
chamber walls. Since the direct observation of the 
runaway electrons is rather difficult, the thick- 
target bremsstrahlung produced by the electrons is 
generally studied. The method used here with LT1, 
differed in two respects from the methods usually 
employed, namely the electrons at different plasma 
radii were sampled by means of a target introduced 
in to the plasma and the calibration of the detector 
used was made in terms of electron energy rather
than x-ray energy.
The introduction of the target in to the plasma, 
even well in to its centre, did not produce any changes
in the volts per turn, V , , signal or in the spectroscopi<P
signals monitoring line radiation from the impurity 
oxygen ions. This was taken as being indicative that 
the plasma was not disturbed by the introduction of 
the target.
The work presented here was undertaken with the 
view to find out whether runaway electrons were present 
in the LT1 machine under normal operating conditions 
(condition A in the paper by Bowers et al . 1971) and,
if so, to find their effect on the overall behaviour 
of the plasma. The results of the present measurements 
were also used to obtain information on the energy 
and spatial distribution of the runaway electrons and 
to estimate their average rate of runaway.
6.2 Theory of Bremsstrah1ung
As already explained in chapter 1, bremsstrahlung 
results from the inelastic collisions of electrons 
with nuclei. From classical considerations the amount 
of bremsstrahlung energy radiated by an electron can 
be from zero up to its total kinetic energy, E.
Quantum mechanically, an electron, represented 
by a plane wave, is scattered by the field of the 
nucleus and has a small but finite chance of emitting 
a photon; the probability being 1 in 137. This is 
due to the fact that the cross-sections for the
radiative processes are of the order of the fine
structure constant times the cross-section for elastic 
scattering of electrons by atomic nuclei and in most 
cases the scattering between the incident electrons 
and the nuclei is of an elastic nature. In a solid, 
of course, ionizing collisions predominate.
6.2.1 Thin-target Bremsstrahlung
The target is considered to be thin when 
monoenergetic electrons in a col1imated beam passing 
through it do not lose appreciable energy by ionization, 
do not suffer significant elastic scattering and have 
no second radiative collisions. It is easy to impose 
these conditions in calculating theoretically the 
thin-target bremsstrahlung spectrum. However, these 
are rigorous conditions to impose on experiments 
designed to test the theory and hence only a very 
few acceptable experiments have been done in this field.
6.2.2 Thick-target Bremsstrahlung
The thin-target brems Strahlung considered in 
the previous sub-section is a highly idealized case, 
rarely met in practice. On the other hand, the thick- 
target bremsstrahlung is usually the situation met in 
the laboratory.
The thick-target spectrum from monoenergetic 
electrons can be regarded as composed of several thin- 
target spectra from electrons of various energies. In 
Fig. 6.1 the dashed lines parallel to the abscissa show 
the thin-target contributions from various monoenergetic 
electrons and the solid line shows the thick-target
E
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x-ray energy distribution which represents the combination 
of all the thin-target distributions superimposed.
The total bremsstrahlung energy I per incident 
electron is given by the semi-emperical expression,
I = kzE2 (6.1)
where k is a constant of dimensions MeV 1 , z is the 
atomic number of the material of the target and E is 
the initial kinetic energy of the electron in MeV.
The value of k is approximately given by k = (0.710.2)
x 10 3 Mev 1 , for a thick-target.
The thick-target bremsstrahlung spectrum from
electrons of all energies up to a maximum can be
regarded as the sum of the spectra from individual
monoenergetic electrons. This is shown in Fig. 6.2
where the solid curve represents the thick-target
x-ray energy distribution from electrons of various
energies and the dashed lines that of the distribution
from individual monoenergetic electrons. The maximum
photon energy is given by h(v ) where (v ) isn max n max
given by the value of the abscissa at which the curve 
cuts the axis and is equal to the maximum energy of 
the electrons present in the beam.
6.3 Runaway Electrons
In general terms electrons, in a plasma, which 
left the high energy tail of the main thermal electron 
population to be further accelerated away by the electric 
field are known as runaway electrons. The mechanism
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Thick target X-ray energy distribution from  
efectrons of all energies up to a maximum o f
* \v n)max.
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that is responsible for the production of runaway 
electrons in a plasma can be understood as follows.
It is assumed that both ions and electrons in
e/ya plasma have an approximate^ Maxwellian velocity 
distribution. In such a plasma the average retardation 
experienced by a fast test particle, namely an electron, 
due to collisions with the main electron population 
is given by
< ------>dt
8TTn e4 InA e______
2 2 m^ v '1
where v is the velocity of the test particle moving 
with respect to the main electron population. Since 
the probability of collisions with other electrons is 
several times greater than with ions, only collisions 
of the test particle with electrons are considered.
In laboratory plasmas where an electric field 
exists, the test particle experiences an acceleration 
under the action of the electric field E and the 
resultant net acceleration is given by,
dv„
< ------ >dt
8ttn e4 InA eE e______
m 2 2m v
In a plasma where a uniform electric field exists 
the flow lines for electrons in velocity space are 
identical with field lines in ordinary space in the 
presence of an electric field and a point charge.
The flow lines are represented in Fig. 6.3 and the 
equation for the flow lines is given by
2 v
c + c
(6 .2 )
1 + COS 0 . 2 ^sin4 0
where v^ is the critical velocity, C is an arbitrary
Fig. 6-3
Flow lines of Electrons in velocity space
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constant and 0 is the angle the velocity vector of 
the particle makes with its component perpendicular 
to the field E. Referring to Fig. 6.3 electrons 
whose velocities lie within the curve C = 0, stay 
with the main population and those whose velocities 
lie outside this curve are influenced comparatively 
more by the electric field and become runaways. One 
can find the critical velocity v f o r  which the 
electrons experience zero acceleration, by equating 
the right hand side of Eq. (6.2) to zero. The
critical velocity thus obtained is given by
8nn e 31nA 
7 eV ^ = -------------c mE
One can also talk in terms of a critical field
E^ given by
4 irn e 3 InA
E = --- -^-----c kT e
where kTg is the most probable energy of the main thermal 
electron population. The electric field in a plasma 
should be very much smaller than the critical field 
otherwise complete runaway occurs.
The theory of runaway electrons has been dealt 
with by many authors in the past (see for example ; 
Harrison 1958, Dreicer 1960, Gurevich 1961, and 
Lebedev 1965) who obtained expressions for the electron 
runaway rate. Of all these expressions, the one obtained 
by Lebedev is the most accurate since he obtains the 
expression taking into consideration the velocity 
distribution of the electrons in a plasma for all ranges
of velocities .
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For the LT1 plasma the expression due to Lebedev
may be written as
1.8n2 e
m  6 /  2
/ 4Y ' ’exp(-1.13x10 8y - 3.01x10 4yV 2 0.5) (6.3)
where y = n^/E^T^ and the coulomb logarithm InA, included 
in the coefficient of y, has been put equal to 15.
6.4 Calibration of the Detector used for Quantitative
Measurements
A Nal(Tl) crystal, 3/2" dia. by 2" long, was used 
for quantitative measurements of x-radiation. It was 
coupled optically to a photomultiplier. The radiation 
reached the crystal through an 0.001" A1 window in front 
of it. An aperture of 3/8" dia. immediately in front 
of the centre of the Al window defined an entrance area 
for the radiation to be detected. An 1/2" thick Pb 
casing was used to prevent any scattered radiation from 
reaching the detector.
An electron accelerator having an upper energy 
limit of 75 keV was used for calibrating the detector.
The electron emitting filament had a 1/16" dia. aperture 
immediately in front of it. Approximately unit magnification 
of this aperture was obtained at the target by means 
of an electrostatic lens system through which the 
electrons were accelerated. A Mo target, with its 
bombarded surface at an angle of 60° with respect to the 
beam axis, was positioned intersecting the detector axis 
and the detector itself was at 90° to the beam axis. The 
same geometry of the target and detector including vacuum 
window, apertures and absorbers was used as in the 
experimental situation.
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With various absorber thicknesses of Al and Cu
placed in front of the 3/8" dia. aperture of the
detector and for various electron energies, both the
output of the detector and the beam current were
recorded. Care was taken to suppress secondary emission
by biasing the target. Operating with a constant
beam of monoenergetic electrons to the target,
calibration coefficients C . . were then obtained asID
the ratio of the detector output, d, expressed as the 
current through the anode load resistor of the 
photomultiplier to the flux of the electrons, N, 
received by the target and are given by
C . . = d./N . (6.4)ID 1 D
the subscripts i and j indicate respectively the 
absorber used and the electron energy. Fig. 6.4(a) 
and (b) gives a plot of these coefficient values against 
absorber thickness for various electron energies.
Although the accelerator had an upper energy
limit of 75 keV, the C . . values were obtained for1 D
energies up to 120 keV by extrapolation. The reliability 
of the extrapolation was enhanced by the fact that, 
for electron energies greater than or equal to 50 keV, 
the detector response was proportional to the square 
of the electron energy for zero absorber thickness.
(Ref. Eq. (6.1)). This is shown in Fig. 6.5 where the 
ratio of the detector response to the square of the 
electron energy is plotted as a function of the electron 
energy, for zero absorber case. Considering Fig. 6.5,
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this is true only for electron energies greater than
or equal to 50 keV. This is because fc±ta=fc only at 
w  €r*t
higher energies^the losses due to the windows -were- 
negligible .
6.5 Description of the Geometry of Probe Ports and
Detectors
Fig. 6.6 shows a diagramatic representation of the 
experiment. Two vertically opposed probe ports, with 
their common axis perpendicular to the torus minor axis, 
were used for diagnostic purposes. The target, a Mo 
disk of 2 mm dia. by 1 mm thick mounted on a stalk of 
tungsten wire of 1/2 mm dia., was introduced through 
the lower port and the upper port was used for detecting 
the radiation. The position of the target along the 
minor radius of the torus was varied by means of a bellows 
assembly fitted to the probe port through which the 
target was introduced. The target was positioned so 
that its bombarded face made an angle of 60° with the 
B direction. Both B ; and I , were in the same 
direction. The radiation from the target reached the 
detector after passing through an 0.005" thick glass 
window covering the upper port, the absorber used and 
the 0.001" Al window in front of the crystal. The 
absorbers were held in a cage very close to the 
detector and the target was connected to the vacuum 
vessel, electrically, through a resistor.
For detecting the radiation from the walls of the 
vacuum vessel, three Csl (Tl) crystal detectors were
Photomultiplier
Cu or AI A btorbar
GIom Window (0-004* thick)
-Mo Target 
W Stalk
Bellows Assembly for Target Adjustment
Diagramatic representation of the 
arrangement of Target and 
D etector
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used. Perspex light pipes were used for optically 
coupling these crystals, 1/8" dia. by 1/8" thick, to 
the photomultipliers. Stainless steel tubes, with 
closed ends of 0.020" thickness, were sealed in to 
horizontal probe ports so that the closed ends were 
approximately flush with the inside of the wall of 
the vacuum vessel. The crystals along with the light 
pipes were fitted in to these tubes. The horizontal 
probe ports were at positions of cj> equal to 30°, 120°
and 270° measured in the direction with respect to
the vertical probe ports used.
6.6 Experimental Observations and Measurements
Under normal operating conditions of the LT 1 
machine, the beginning of each discharge is accompanied 
by an intense burst of x-radiation. This radiation lasting 
for 10-20 ys , was produced by the collision of relatively 
high energy electrons with the target and vacuum vessel 
walls; This high intensity x-radiation produced, in 
addition to the main Nal scintillation component with 
a half-life of <lys , a very weak scintillation (in 
magnitude several orders lower) with a half-life of 
many milliseconds. This slow decaying signal from 
the detectors varied greatly in amplitude from shot to 
shot. The signals observed during the main part of 
the discharge were affected by this slow decaying 
signal in the sense that a lower limit had to be placed 
on their amplitudes. The signals from the wall 
detectors were affected more by this slow decaying
signal than the signals from the detector used for 
quantitative measurements. This is due to the smallness 
of the signals from the wall detectors.
In order to obtain information on the times of 
appearance of the signals and their general temporal 
variation in amplitude and character, the output 
signals from the detectors were directly displayed on 
oscilloscopes and were referred to as raw signals.
Fig. 6.7(a) shows an example of the raw signal (upper 
trace) displayed with (lower trace), for a sweep
rate of 50 ys per division. The slow decaying signal 
from the detector due to the intense burst of x-radiation 
at the beginning of the discharge can be seen as a 
background signal of about 2 mm on the upper trace.
In order to determine the energy distribution 
of the runaway electrons the integrated signal of the 
detector output was recorded, the integrator being 
gated on for the period of interest. In Fig. 6.7(b) 
the upper trace shows an example of the integrated 
signal, the lower , for a sweep rate of 0.2 ms per 
division. The base line of the integrated signal was 
adjusted to fall with time in order to increase the 
amplitude of the signal which could be accommodated.
The signal between the steps was background, again 
due to the slow decaying scintillation component. The 
third step in the integrated signal corresponds to 
the raw signal shown in Fig. 6.7(a).
For each position of the target along the minor 
radius r of the torus and for each absorber used, the
integrated
signal
Fig. 67
Examples of Detector Signals
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integrated signals of many discharges were recorded.
The integrated signal i.e. the step amplitude was
averaged over the number of spikes occurring within
the range of integration for many discharges in order
to compensate for the variation in the signal amplitude
of the detector output from discharge to discharge
and within a single discharge. In this way a quantity
was obtained as the average amplitude of the
integrated signal per plasma instability cycle
preceeding a spike. The average charge Q_^  expressed
in coulombs through the anode load resistor R of theL
photomultiplier is then given by 
xS .
(6.5)
where t is the time constant of the integrator in
sec and S. and R are expressed respectively in volts 1 L»
and ohms.
6.7 Experimental Results
6.7.1 Observations on the times of Appearance of x-ray 
Signals
Observations on the times of appearances of x-ray 
signals showed that they followed a fairly regular pattern 
with reference to the time of occurrence of the V, 
spike. Fig. 6.8(a), (b) and (c) shows the oscillographs
of the raw signals obtained for target positions of 
r = 4, 6 and 7 cm respectively without any absorber
between the target and the detector together with , 
while Fig. 6.8(d) shows the signal from a wall detector 
together with V , with no target inside the torus. The
r=4cmRMMHIKinMMi
RBw^jiSirSK■■iinm
rasas
Kbit I
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raw signal from 
a wall detector
*2
Fig. 6-8
Raw Signals obtained for different 
Target Positions
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sweep rate in each of the above cases is 50 ys per 
graticule division. The subscripted t's on the scale 
at the bottom of Fig. 6.8 represent times that correspond 
approximately to the times defined in the paper by 
Bowers et al., which will be useful in later discussion.
Although one can describe the signals in Fig. 6.8 
as typical, deviations from them did occur. For example, 
there were sometimes three-bursts of x-radiation and 
sometimes only one for target positions of r = 3, and 
4 cm while occasionally two bursts of x-radiation were 
observed for target position of r = 7 cm.
With the target at r ~ 4 cm and for different
absorber thicknesses, between the target and the 
detector the following two observations were made.
1) An x-ray signal preceded every spike
for no absorber between the target and 
the detector.
2) In general the earlier occurring part of 
the signal peaks were reduced first with 
increase in absorber thickness.
The signals from the wall detector were not
observed with respect to every V, spike, when no<P
target was inside the torus. This might be due to 
the limitations imposed on the gain of the detector 
by the slow decaying scintillation caused by the 
intense burst of x-radiation at the start of the 
discharge. The signals from the wall detectors for 
target positions of r ranging from 3 to 5.5 cm, were
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in general similar to those from the Nal (Tl) detector, 
in times of appearance and relative amplitude. Since 
the signals observed by the wall detectors when an 
internal target was used were very large it was uncertain 
whether the signals of the type shown in Fig. 6.8(d) 
occurred with them or not. This was not possible to 
determine due to the limitations imposed by the 
detector circuits of the wall probes on their response 
times. It was also uncertain whether the electrons
Icollided with the stainless steel tubes (holding the 
CsI(Tl) crystals and the perspex light pipes) or only 
with the walls of the vacuum vessel. In addition the 
effect of solid angle would mean, of course, that any 
electrons striking the wall of the vacuum vessel 
immediately adjacent to the port would predominate 
over those striking the wall farther away.
Average signal amplitudes were obtained from 
records of the type shown in Fig. 6.8, at time intervals 
of 10 ys for several target positions of r. Fig. 6.9 
shows a plot of the average signal amplitude as a
function of time from the V, spike for different target<P
positions, r, ranging from 3.5 to 9 cm. It was only 
for r = 4 cm that two peaks were completely resolved, 
these being at - 60 ys and -100 ys with respect to <P
spike. In Fig. 6.10 the relative average signal values 
are plotted against the target position for times -40,
- 60 ys from the spike.-50 and

3
□  - 60 p i 
O -  50 (is 
#  -  40
Target radius (cm)
Fig. 6- IO
Relative signal amplitudes as a function of target position
6.7.2 Intensity of X-rays Produced by Electrons at
Different Plasma Radii
Without any absorber between the target and the 
detector the integrated signal outputs of the detector 
were measured for various positions of the target 
along the minor radius, r, of the torus, the target 
being operated through the upper and the lower ports 
respectively and the detector was positioned each 
time at the corresponding opposite port. From the 
records the average signal amplitudes, averaged over 
several discharges, were obtained and corrected for 
variation in the solid angle subtended by the detector 
at the target. The resulting values, normalized to 
peak measured values, are plotted against the target 
position and are shown in Fig. 6.11, in which the 
origin used for the abscissa is a point 2.5 mm below 
the torus minor axis. The circles and the triangles 
represent the results obtained with the target through 
the lower and upper ports respectively. Measurements 
were made with the target operated through the lower 
port for target positions decreasing in steps of 0.5 
cm to r = -1.5 cm. For target positions of r between 
+2 and -1.5 cm, no signal was observed. Unfortunately, 
measurements could not be made for target positions 
of r < 3.5 cm, when the target was operated through the
upper port since the target being used then did not 
extend sufficiently beyond its quartz support.
Measurements made with targets having areas 0.5 
times and 3 times that of the Mo disk target described
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previously, showed that absolute signal values did not 
vary appreciably with target size.
6.7.3 Computed Distribution of Electron Energy
With the target operated through the lower port
and the detector positioned above the upper port, a
number of measurements were made for various absorber
thicknesses, with the target at positions of r = 3.5,
4.0, 4.5 and 5.0 cm. The average signal amplitudes
were obtained from the records and from them the Q./Q1 o
values were obtained (see Section 6.6) where Q iso
given by Eq. (6.5) for no absorber case. As the Q^/Qq 
values did not differ significantly for different 
positions of the target within the range of r = 3.5 
to 5.0 cm, average values of Q^/Qq were obtained by 
taking all the results together. Fig. 6.12 shows 
the resulting averaged values as a function of absorber 
thickness. The solid circles represent the experimental 
values and the error bars show standard deviations on 
the assumption that the experimental values are normally 
distributed about means. The dashed curves were used 
for interpolation in selecting Q values to use in
computations.
From Fig. 6.12 2^/Qq values were obtained for 
different absorber thicknesses and using Qq values 
given by Eq. (6.5) , the absolute values of Q were 
obtained. Using the values thus obtained along with
the appropriate calibration coefficients C ^  (Fig. 6.4),
the following set of equations were obtained.
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l  c
j = l ij
dN
. AE . 3 3 Q ^ t i 1 , 2 . . . n
(6 .6 )
where (dN /dE) . represents the number of electrons 3
striking the target in unit energy interval about E
and the sum replaces the integral
/ C. (E) (dN /dE ) dE " t
Initially a linear least squares method was employed 
to solve equations (6.6) which gave oscillatory solution 
for the electron energy distribution with positive and 
negative values of dN^/dE. This was thought to be due 
to the effect of the smaller coefficient values for 
low electron energies. These werey almost z e roy in 
comparison with the other coefficients. The transformation 
of the matrix of the coefficients could have produced 
serious errors in the solution for the electron energy 
distribution.
Later the Gauss-Seidel iteration method (Walsh 
1966) was used to solve the equations (6.6). In order 
to diminish the effect due to the smallness of the 
elements in the coefficient matrix, both sides were 
multiplied by the transpose of the coefficient matrix.
Care was also taken so that the solution values did 
not beeome negative by using the condition that if the 
solution value becomes negative it should be put equal 
to zero .
Various values of AE and energy ranges of E, up 
to 120 keV were tried together with different initial 
arbitrary distributions of dN^/dE. The inset of Fig. 
6.12 shows the different arbitrary distributions of
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dN^/dE used in the computations. The iterative process
was continued until the Q./Q values obtained from
1 o
backward solution were within the predetermined limits
of a few % about experimentally determined values. In
case of A and B distributions (inset of Fig. 6.12) the
iterative process could be terminated after a few
iterations, but this was not the case with C and D
distributions as the back calculated values of Q./Q
1 o
for Cu absorption curve were not within the predetermined
limits of a few % about the experimentally determined
values even after a few hundred iterations. This was
taken as an indication that A or B was the only appropriate
distribution of dN /dE. Fig. 6.12 also shows the Q./Qt 1 o
values obtained by back calculations from the corresponding 
computed values of dN^/dE for the initial arbitrary 
distributions.
In Fig. 6.13 the computed values of dN^/dE are
plotted against the electron energy E, with AE = 10 keV
and E ranging from 5 to 110 keV. Although, both initial
distributions A and B gave approximately the same final
distribution of dN^/dE as shown in Fig. 6.13, the zero
values of dN /dE for energies below 50 keV were meaningless
when account was taken of the relatively insignificant
values of C^ _. (See Fig. 6.4) for low electron energies
This became obvious when Q./Q values, obtained by
1 o
back calculation using the computed values of dN^/dE 
shown in Fig. 6.13, were practically the same with those 
obtained by assuming that dN^/dE fell linearly with 
energy from about 1.3 x 10 10 at E = 0 to zero at E =
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100 keV. This may be the reason for the good agreement 
(within the predicted limits) in case of A1 absorption 
curve, between the experimental and the back calculated 
Qj_/Q values for C and D distributions (see Fig. 6.12) .
6.8 Discussion
Concerning early history of the runaway electrons 
of energy <25 keV, there is no direct evidence as the 
radiation from them was not detected effectively.
This applies not only to the electrons from which the 
radiation was detected after they had been accelerated 
to energies above detector threshold but also to those 
which might have become runaways too late in the 
containment cycle to reach detectable energies before 
the V spike .
6.8.1 Radial velocity distribution of Runaway Electrons
Langmuir probe measurements discussed in the paper 
by Bowers et a l ., indicated a high temperature plasma 
component moving radially outwards during the contraction 
phase of each instability cycle while the main plasma 
boundary was contracting at a rate of 5-8 x 103 cm s 1 .
It was suggested that this high temperature component 
could have been a runaway electron population. The 
present experiments confirm that it was. The Langmuir 
probe measurements indicated an outward radial motion 
of the high temperature component with velocity v( 
having a large spread about mean values of from ~ 3.5 x 
103 cm s 1 at r = 4.5 cm to ~ 105 cm s 1 at r = 8.5 cm.
The present measurements on x-rays (Fig. 6.10) indicated
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an outward movement of the trailing edge of the runaway 
population with radial velocity v^ of the order of 
104 cm s 1 for a value of r between 3.5 and 4.0 cm. Due 
to large variations in the signal values, the measurements 
made at other times similar to those shown in Fig. 6.10 
tended to be confused. However, they suggested the same 
rate of movement of electrons radially outwards, for all 
radii and for all times up to a few tens of ys before 
the spike .
Referring to Fig. 6.8, the appearance of the signal 
from the wall detector in relation to the signals from 
the internal target, indicated that the radial velocity 
v^ of the electrons coming from r = 4 cm must have been 
increased to at least 105 cm s 1, towards the end of 
the containment cycle. This is so if the electrons 
reached the wall of the vacuum vessel with detectable 
energies. Although the estimates of the radial velocity 
were made from the times of appearance of signals from 
probes and targets they do not differentiate between 
the actual radial velocity of the electrons and effects 
due to time of onset of electron runaway at different 
radii.
One can calculate the fraction of the electrons 
stopped by the target as follows. Considering an 
annular toroidal volume element of thickness fir , 
containing N electrons circulating with a velocity 
component v^ parallel to B ^ , expanding with radial 
velocity Vj , the rate of loss of electrons from the 
volume element is given by
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-dN/dt = nv AS6r
where AS is the dimension of the target in the 0 direction  
and n is the number of electrons per unit volume given by
n = N/ 2 ttR 2Tir o
S ub st it ut ing this,
written as
dN 
dt -N
v , AS_____
4 7T 2 R r
6 r
the rate of loss
o
In teg rat ing the above and using the 
time, N = N where N is the number 
volume el ement before any depletion  
obtains
of electrons can be
c o n d ition that at zero 
of electrons in the 
by the target, one
v AS
N /N  = exp (-------- A t ) (6.7)O . o4 tt z R r o
where At = Ar/v^ , Ar being the radial d i m e nsion of the 
target. The fraction of electrons to be stopped by the 
target of radial dimension Ar will be 1-N / N o .
Ta king average values of Ar and AS for the Mo disk 
target used in the present investigation, with Rq = 40 cm 
in Eq ua ti on (6.7) shows that the target at the posit i o n  
of r = 4 cm wo uld have stopped p r a c t i c a l l y  all elec trons  
with ene rg ies greater than 40 keV for a radial v e l ocity 
V! = 3.5 x 1 0 5 cm s 1 , and over 80% of the electrons 
with 40 keV energy increasing to all of them at an energy 
of 100 keV for v^ = 1 0 4 cm s 1 and be tween 30% and 60% 
of elect rons for v^ = 1 0 5 cm s 1 , depending on the energy 
of the electron. However, since it was observed that the 
size of the targets used did not have any effect on the 
relative signal values of Fig. 6.11, the target must have 
col lec ted  prac t i c a l l y  all electrons which reached its radius,
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during the period for which a signal was observed. This 
would require that the radial velocity v^ of the electrons 
should be no more than ~10Mcm s ’• during the main part of
the containment cycle. However, the radial veloc-Skity v
X
would need to have suddenly increased to well over 
105 cm s 1 , if all electrons reached the wall of the 
vacuum vessel without losing energies at the end of 
the containment cycle, without being detected by the 
target as they passed it.
6.8.2 Time of Onset of Runaway
As already pointed out in section 6.3, the runaway 
electrons are those that are freely accelerated under
the action of an electric field E,. In LT1 under normal<P
operating conditions the electric field E has an initial<P
value of 0.09V cm 1 falling subsequently to half that 
value. If it is assumed that in LT 1, this electric field 
is the only one which is responsible for accelerating 
the electrons and not any other enormous unobserved 
transient fields, then the electrons whose radiation 
was detected must have left the main population of the 
thermal electrons,at least 40 ys before the first appearance 
of any signal from the detector, with several hundred 
electron volts energy.
In view of the inferred value of v^ and taking into 
consideration that it was unlikely that the electrons would 
start with a high radial velocity and be decelerated 
subsequently, one would expect that the runaway occurred 
at radii at which they were detected. This means that 
the x-ray intensity values of Fig. 6.11 can be approximated
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to the relative values of the runaway electron intensity 
for r < 5.5 cm. However, for radii above this the 
approximation cannot be fully justified as the energy 
distribution for this region is not known.
6.8.3 Significance of Electron Velocity Distribution
It is again emphasized that average signal values 
were used to obtain the computed electron energy 
distribution (Fig. 6.13). This energy distribution 
refers to the electrons which left the high energy 
tail of the thermal population to become runaways at 
about and after (Fig. 6.8) and were subsequently
detected, by the target at r = 4.25 cm.
The electron energy distribution for a constant
runaway rate of can be written as
dn h _r _ r £
=  ( S 2 - C o 2 )1/2
where n^ is the number of runaway electrons per unit 
volume, Co = 511 keV , is the rest mass energy of the 
electron and C = Co + E *
IIf the runaway electrons had an average radial
velocity v^  which ensured that all electrons moving into
the target region were stopped by the target until those
which first ran away reached an energy E , then themax
time interval t for which the electrons of energy E 
were being stopped by the target is given by
(6 .8 )
t = t (E ) - t (E)c max
where t(E ) is the time taken by the electrons which max
first ran away to reach E and t(E) is the time taken bymax
the electrons to reach energy E.
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t (E ) (c2-e02) 1/2 /ceE
and
c e E
4> l,C - 5»!',/2-|52-5»2’1/!l
(6.9)
under these circumstances the energy distribution for 
electrons stopped by the target is that given by Eq. (6.8) 
multiplied by the volume from which electrons were collected 
i.e. by 2TTRo 2TrrAr, with Ar = v^.tc . After multiplying Eq.
(6.8) by the volume and substituting for t given by Eq.
(6.9) one obtains for the energy distribution of electrons
the expression
dN , 4 ti2R rv. £2 2 i .
t . ---- °_±_ 4 g[(-m-aX ° ) /2 - 1 ]
dE 2^2tr 2 r c-2 r .2e ^ c E " S 0
Substituting in the above equation the appropriate
dNvalues of R , r, E and the computed values of t/dEo (p
obtained from Fig. 6.13, values of the product v ^ w e r e  
obtained for E ranging from 60 keV to 90 keV. The values 
of v, n^ ranged from 3.2 x 1 0 1 & for E = 60 keV to 3.8 x l O 1^
was taken as 100 keV.
1 r
for E = 90 keV. The value of Emax
dN
(6.10
Since the computed t/dE values are reliable for electron 
energies greater than 50 k e V , the product v^n^ was obtained 
for the range 60 to 90 keV. Using the previously inferred 
value for the radial velocity v^ of the electrons as 104 cm s 1 
the h^ values were obtained which ranged from 3.2 x 10^2 
for E = 60 keV to 3.8 x 1 0 12 for 90 k e V , giving an average 
runaway rate of 3.5 x 1 0 lz cm 3 s 1.
Using the average value for and the value for v^
in Eq. (6.10) with other appropriate values, the values 
dNof t/dE were obtained for various E values. The dashed
dNcurve in Fig. 6.13 shows the plot of t/dE values against E.
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Taking the total time period during which runaway
occurred as ~120ijs, from the above value of n = 3.5 x 1 0 12r
cm 3s 1, the average runaway electron density at the time 
v^ suddenly increased would have been 4.2 x 108 cm 3. 
Assuming the radial profile of radiation intensity in 
Fig. 6.11 approximates the radial distribution of runaway 
electrons then the total number of runaway electrons would 
have been about 3 x 1 0 !1.
6.8.4 Comparison between Experiment and Theory
Considering Eq. (6.3), the exponential term in the
equation is the dominant term for conditions that are
appropriate to LT1 plasma. The inset of Fig. 6.14 shows
the variation of logarithm of n^ with y. Since it is
not possible to calculate reasonably expected values
for the runaway rate without having precisely determined
values for nQ , T g and during the instability cycle,
estimates have been made of what might be considered
as threshold values of T . A parabolic electron density
distribution was assumed to be superimposed on the flat
distribution shown in Fig. 16 of the paper by Bowers 
*et al. for the outer regions of the plasma at t 5 and
the value of ne (r) was obtained at times t 3 , t 4 and ts
for r , of the inner region, given by a of Fig. 20 max
4*of the paper by Bowers et al.
Assuming E, to be independent of radius, the E,9 <P
values were taken appropriate to R^T in Fig. 19 of
*
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the paper by Bowers et al. - these being effectively
the same as E , (0) of the same figure.
Using these values of ng and E^ corresponding 
values of Te were obtained for y = 11, which gives a 
runaway rate of 1% of the experimentally estimated 
average maximum for the runaway rate of 3.5 x 10 12 cm 3s 1 
Here it was assumed that rates below 1% of the maximum 
would not be detected. In Fig. 6.14 the solid curves 
show the threshold values of T obtained for times to, 
t4 and tg. In the same figure the T values of Fig. 16 
at tg - i and tg , are shown by the dashed curves. The 
T e (0) values shown in the figure are from Fig. 17 of 
the paper by Bowers et al. at times tg and t 4 .
Fig. 6.14 is consistent with runaway being prac­
tically absent from the central regions of the discharge. 
Although Tg at tg_1 , for r > 5 cm is considerably higher
than Tg at tg this would be expected to hold for only a 
very short time. The influx of gas from the walls 
would cause considerable cooling in this region and Te 
at tg would probably reflect some re-heating with the 
threshold values shown at tg and t 4 not necessarilly 
being below existing values. The step in T^ at r ~ 4-5 cm 
is consistent with the current density steps in Fig. 13 
of the paper by Bowers et al., which were shown for
somewhat different conditions. This step in T , whiche
is occurring in conjunction with a parabolic density 
distribution, would be expected to enhance electron 
runaway in the region of r  ^ 4-5 cm.
Shown here as Fig. 6.17.
The curve for time tg is shown here as Fig. 6.18.
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The rate of runaway was calculated for r ~4 cm
and at time t5 , assuming the validity of the Eq. (6.3)
and the values of n and T at this time. The runawaye e
rate thus calculated was in excess of 1015 cm 3 s 
In general there appears to be consistency between the 
experimentally obtained average runaway rate and that 
calculated by using Eq. (6.3) with the values given in 
the paper by Bowers et al., for the period to which 
the experimental results apply.
6.8.5 Effect of Runaway Process
Considering the fact that inserting probes into
the plasma did not produce any detectable changes in
the plasma behaviour one could conclusively say that
the runaway process was unimportant in the overall
behaviour of the plasma. Considering a probe stem
of diameter D, the rate of loss of electrons per unit
energy interval,due to collection by unit length of
the probe stem, is given by 
DndN/
e E
or as
dn Dnr _ r
dE ~ VeE
since Vn^ = N (V=4tt 2 RQr (since Ar=l) ) . Taking E as the 
independent variable and integrating the above expression, 
the fractional survival of runaway electrons to energy E 
is obtained as
n (E) r n (E = 0) exp ( - T r F VeE $
For example considering a 1 mm dia. stem this would
—  Omean that only about 10 of the total runaway electrons
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at r = 4.25 cm would survive to an energy of 40 keV and 
only about 3 x 10 7 to an energy of 90 keV.
6.8.6 Comments
It is appropriate to make some comments concerning 
the expected reliability of the computations performed 
to obtain the electron energy distribution shown in 
Fig. 6.13. No reliable information about the electron 
energy distribution could be obtained for lower electron 
energies as the coefficients C^ _. for lower electron 
energies are so small, almost zero in comparison with 
other elements in the coefficient matrix used, that their 
effect was lost completely in the computation. Thus 
the electron energy distribution obtained is not reliable 
for lower electron energies, i.e. for E < 50 keV.
From the back calculated values of Q./Q from1 o
dN t /dE, the value of 100 keV would appear to be well
within limits of ±10%. Similar limits apply to the
relative values of dN^/dE for the energy range 60-100
keV, if the back calculated Q./Q values were to be1 o
consistent with the experimentally determined values.
Although the effect of lower energy electrons was 
lost in computation, it was expected that the raw signals 
observed when no absorber was used, would have shown 
contributions of electrons with energies as low as about 
25 keV. However, in the presence of larger signals 
from high energy radiation and in view of the background 
signal produced by the slow decaying scintillation
identification of these would be doubtful.
6 .9 Conclusions
Keeping in mind that the experimental results 
presented here refer generally to averaged values and 
depend to some extent on the validity of the concept 
of an average runaway rate, the following conclusions 
can be drawn concerning the runaway process in LT1 
under normal operating conditions.
1. Electrons start leaving the main thermal population 
as runaways in sufficient proportions for subsequent 
detection, at the transition between the oscillatory 
and contraction phases of each plasma instability cycle. 
They continue to do so at least up to within about
75 us of the V, spike which marks the end of the<P
contraction phase.
2. The main region at which runaway occurs is at a 
plasma radius of about 4 cm.
3. The runaway electrons moving outward with radial 
velocities not exceeding 104 cm s 'are contained up to 
within about 40ys of the V, spike when their radial 
velocity increases by more than an order of magnitude.
4. The computed energy distribution of the runaway 
electrons colliding with an internal target indicates 
an average runaway rate of about 3.5 x 1013 cm 3 s 1 .
5. The experimentally obtained runaway pattern is in 
general agreement with theoretical predictions.
6. The runaway process has no apparent effect on the
overall behaviour of the plasma.
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Improvements could be made concerning the future 
measurements in two ways. The intense burst of x-radiation 
at the beginning of the discharge could be excluded from 
reaching the detector by operating a shutter, in front 
of the detector, synchronized with each discharge in 
such a way it opens about 50 ys after the start 
of the discharge. Secondly a more sensitive
detector might be used, for example one with a Beryllium 
window instead of an Al one.
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